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DECLARATION 



Assistant Commissioner for 

Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

I, Amanda E. Leonard, a United States citizen and 
resident of Gahanna, Ohio, do declare and say that: 

I am familiar with the invention described in the 
above- referenced application; 

That I have read and understand the Office Action of 
June 18, 2003 and Advisory Action of October 9, 2003 issued 
in connection with the above-referenced case; 

That the data and information presented below 
establish the necessary support, in terms of enablement, 
for the subject matter of claims 50-53: 



In particular, the Examiner contends in the Office 
Action and also in the Advisory Action that claims 50-53 



remain rejected under 35 U.S.C. 112, first paragraph 



because the specification, while being enabling for 



polynucleotides encoding the polypeptides of SEQ ID NO: 63 
or SEQ ID NO: 64^ does not reasonably provide enablement for 
(1) polynucleotides encoding polypeptides having elongase 
activity wherein said polypeptides are at least 70% 
sequence similar to the polypeptides of SEQ ID NO: 63 or 64, 
or (2) polynucleotides encoding polypeptides having 
elongase activity wherein said polypeptides are at least 
60% sequence identical to the polypeptides of SEQ ID NO: 63 
or 64. In particular, the Examiner notes that the 
specification does not enable any person skilled in the art 
to which it pertains, or with which it is most nearly 
connected, to make and/or use the invention commensurate in 
scope with the claims. 

In response, it is submitted that known elongase amino 
acid sequences have one highly conserved motif, a histidine 
box, and many invariant residues that are identical (shaded 
boxes in Figure 4 of reference 1) . These conserved 
residues suggest their critical importance in the catalytic 
activity and structure of the elongases (1, 2) . 
Alterations of these conserved residues have been shown to 
cause a reduction in enzyme activity or enzyme inactivity, 
(3, 4) . There are approximately 130 amino acids between 
the first conserved residue (lysine; K) and the last 
conserved residue (phenylalanine; F) . There is a 



2 



relatively high degree of conservation over this limited 
^core region' which is required for elongase activity; 
however^ there is very little conservation over the large 
stretches comprising the rest of the sequences (1,5). 

Of this core region, an elongase must have the amino 
acid sequence of KXXEXXDTX(4)LX(ii-i3)HHX(22-25)NX(3)HXXMYXYY . 
More specifically, the variant histidine box of Isochrysis 
galbana elongase, IgASEl, was shown to be required for 
optimum elongase activity (3) . The histidine box is 
contained within approximately 28 amino acids of the core 
region (H-box region hereafter) . 

MEL04 and MEL07 amino acid sequences have 58.9% 
identity overall, 73.8% identity in the core region, and 
71.4% identity in the H-box region (see Figure 1, 
attached) . The identities of MEL04 and MEL07 H-box regions 
to those of active elongases are shown in Table I. The H- 
box region alignments are shown in Figures 2 (attached) and 
3 (attached) . 

Table I. Identities of active elongase H-box regions. 

NS = no significant identity 





MEL04 


MEL07 


ELOl 


53% 


42% 


EL02 


57% 


53% 


EL03 


57% 


42% 


ELOVLl 


60% 


64% 


EL0VL2 


92% 


67% 


EL0VL3 


46% 


NS 
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EL0VL4 


75% 


64% 


EL0VL5 


71% 


100% 


LCE 


53% 


50% 


ELG4 


75% 


64% 


Elovll 


60% 


64% 


Elovl2 


MEL04 


71% 


Elovl3 


50% 


NS 


Elovl4 


75% 


64% 


Lee 


53% 


50% 


rELOl 


71% 


100% 


rEL02 


53% 


50% 


CEELOl 


60% 


50% 


GLELO 


60% 


60% 


MAELO 


50% 


39% 


IgASEl 


46% 


28% 


PSEl 


60% 


57% 


MEL07 


71% 


MEL07 



Therefore^ it can be concluded that an elongase^ such 
as those encoded by the polynucleotides of claims 50-53, 
must have a histidine box and the invariant amino acid 
sequences within the core region, and it must demonstrate 
elongase activity by adding two carbon units to the 
carboxyl end of a fatty acid chain. This elongase must 
comprise an amino acid sequence having at least 60% 
identity to the H-box region (28 amino acid sequence of the 
core region) of the amino acid sequences set forth in SEQ 
ID NO: 63 and SEQ ID NO: 64. 

In view of the above, there is certainly a correlation 
between the H-box region of most elongases and the function 
of the elongase. Thus, there is a correlation between 
structure and function. In particular, if the H-box region 
of an elongase possesses at least 60% amino acid sequence 



identity to the H-box region of SEQ ID NO: 63 and SEQ ID 
NO: 64, the elongase will function properly. Thus, in view 
of the references presented, that which is currently known 
in the art and alignment data presented above, claims 50-53 
are fully supported. 

Furthermore, the undersigned declarant declares that 
all statements made herein of her own knowledge are true 
and that all statements made on information and belief are 
believed to be true; and further that these statements were 
made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or 
both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize 
the validity of the application or any patent issuing 
thereon . 




date 
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ummary of Attachments to Declaration of A. Leonard: 



1) Figure 1 shows the alignments of MEL04 and MEL07. 

2) Figure 2 shows the alignments of MEL04 to known, active elongases disclosed 
in reference no. 1 (Leonard et al, Progress in Lipid Research 2004; 43:36-54) and 
reference no. 2 (PCT Application - International Publication Number WO 
02/44320 A2). 

3) Figure 3 shows the alignments of MEL07 to known, active elongases disclosed 
in reference no. 1 ((Leonard et al., Progress in Lipid Research 2004; 43:36-54) 
and reference no. 2 (PCT Application - Intemational Publication Number WO 
02/44320 A2). 

4) References: 

1 . Leonard et aL, Progress in Lipid Research 2004; 43:36-54 (to be published 
shortly) 

2. PCT Application - Intemational Publication No. WO 02/44320 

3. Qi et aL, FEBS 2003; 547:137-139 

4. Zhang et a!.. Nature Genetics 2001; 27:89-93 

5. Qietal., FEBS 2002; 510:159-165 



Smith-Waterman score: 1238; 58.9% identity in 285 aa overlap (4-288:1-282) 



10 20 30 40 50 60 

MEL04 . pep MEQLKAFDNEVNAFLDNMFGPRDSRVRGWFLLDSYLPTFILTITYLLSIWLGNKYMKNRP 

II ::::: : : I I I I : I I : I I I I I I : I : III : III :||l llllll 

MEL07 . pep MEHFDASLSTYFKAFLGPRDTRVKGWFLLDNyiPTFVCSVIYLLIVWLGPKYMKNRQ 

10 20 30 40 50 



70 80 90 100 110 120 

MEL04 . pep ALSLRGILTLYNLAITLLSAYMLVELILSSWEGGYNLQCQNLDSAGEGDVRVAKVLWWYY 

:| MM MlhMIII l|: M: : Ml IM IM lllhh:: MMIII 

MEL07 . pep PFSCRGILQLYNLGLTLLSLYMFYELVTGVWEGKYNFFCQGTRSAGESDMKI IRVLWWYY 
60 70 80 90 100 110 



130 140 150 160 170 180 

MEL04 . pep FSKLVEFLDTIFFVLRKKTNQITFLHVYHiaASMFNIWWCVLNWIPCGQSFFGPT^ 

IMIvlhi|:||:M|:::|ll IIIMIhlMIM hlhllhlMI lllllll 

MEL07 . pep FSKLIEFMDTFFFILRKNNHQITVLHVYHHATMLNIWWFVMNWVPCGHSYFGATLNSFIH 
120 130 140 150 160 170 



190 200 210 220 230 240 

MEL04 . pep ILMYSYYGLSVFPSMHKYLWWKKYLTQAQLVQFVLTITHTLSAWKPCGFPFGCLIFQSS 

MIIIJjMI :|||: llllllhlhllllllMI :| M Ihlhl Mil : 
MEL07 . pep VLMYSYYGLSSIPSMRPYLWWKKYITQGQLVQFVLTIIQTTCGVFWPCSFPLGWLFFQIG 
180 190 200 210 220 230 



250 260 270 280 ^ 290 

MEL04 . pep YMMTLVILFLNFYIQTYRKKPVKKELQEKEVKNGFPKAHLIVANGMTDKKAQ 

||::|: M lllllll II :::: M M : ::|l |:: 

MEL07 , pep YMISLIALFTNFY IQTYNKKGASRR KDHLKGHQNGSVAAVNGHTNSFPSLENSVKPR 

240 250 260 270 280 290 



MEL07 .pep 



KQRKDX 
300 



Smith-Waterman score: 383; 73.8% identity in 65 aa overlap( 123-187 : 120-184 ) 

130 140 150 160 170 180 

MEL04 . pep RLVEFLDTIFFVLRKKTNQITFLHVYHHASMFNIWWCVLNWIPCGQSFFGPTL^^ 

l|:|hl|:||:|||:::|ll MIMMMMIII |:||:|M:|:M llllllhlllMI 
MEL07 . pep KLIEFMDTFFFILRKNNHQITVLHVYHHATMLNIWWFVMNWVPCGHSYFGATLNSFIHVLMYSYY 
120 130 140 150 160 170 180 



Smith-Waterman score: 148; 71.4% identity in 28 aa overlap( 123-150 : 120-147 ) 

130 140 150 

MEL04 . pep KLVEFLDTIFFVLRKKTNQITFLHVYHH 

Jhl|:||.:||:|M:::|ll IIIIM 
MEL07 . pep KLIEFMDTFFFILRKNNHQITVLHVYHH 
120 130 140 



Figure 1 



Identities = 28/28 (100%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

KLVEFLDTIFFVLRKKTNQITFLHVYHH 
Elovl2: 123 KLVEFLDTIFFVLRKKTNQITFLHVYHH 150 



Identities = 26/28 (92%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K VEFLDTIFFVLRKKT+QITFLHVYHH 
EL0VL2: 123 KSVEFLDTIFFVLRKKTSQITFLHVYHH 150 



Identities = 21/28 (75%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K VE+LDT+FF+LRKK NQ++FLHVYHH 
Elovl4: 135 KGVEYLDTVFFILRKKNNQVSFLHVYHH 162 



Identities = 21/28 (75%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K VE+LDT+FF+LRKK NQ++FLHVYHH 
EL0VL4: 135 KGVEYLDTVFFILRKKNNQVSFLHVYHH 162 



Identities - 21/28 (75%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K +E LDTIFFVLRKK +Q+TFLHV+HH 
ELG4: 124 KFIELLDTIFFVLRKKNSQVTFLHVFHH 151 



Identities = 20/28 (71%) 

MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

KL+EF+DT FF+LRK +QIT LHVYHH 
MEL07: 437 KLIEFMDTFFFILRKNNHQITVLHVYHH 464 



Identities = 20/28 (71%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

KL+EF+DT FF+LRK +QIT LHVYHH 
rELOl: 120 KLIEFMDTFFFILRKNNHQITVLHVYHH 147 



Identities = 20/28 (71%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

KL+EF+DT FF+LRK +QIT LHVYHH 
EL0VL5: 120 KLIEFMDTFFFILRKNNHQITVLHVYHH 147 



Identities = 17/28 (60%) 
MEL04 : 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K++E +DT+ F+LRKK Q+TFLHV+HH 
Elovll: 118 KVIELMDTVIFILRKKDGQVTFLHVFHH 145 



Identities = 17/28 (60%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K +E +DT+ F+LRKK Q+TFLHV+HH 
ELOVLl: 118 KFIELMDTVIFILRKKDGQVTFLHVFHH 145 



Figure 2 



Identities = 17/28 (60%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K VEF+DT+ +L++ T QI+FLHVYHH 
PSEl: 137 KYVEFMDTVIMILKRSTRQISFLHVYHH 164 



Identities = 17/28 (60%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K++EF+DT+ VL+K QI+FLHVYHH 
GLELO: 161 KIMEFVDTMIMVLKKNNRQISFLHVYHH 188 



Identities = 17/28 (60%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

KL E +DTIF VLRK+ + FLH YHH 
CEELOl: 134 KLFELVDTIFLVLRKR—PLMFLHWYHH 159 



Identities = 16/28 (57%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K +EF+DT F VL+ K ++TFLH YHH 
EL02: 157 KFIEFIDTFFLVLKHK—KLTFLHTYHH 182 



Identities = 16/28 (57%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K VE +DT+F VLR+K ++ FLH YHH 
EL03: 164 KFVELIDTVFLVLRRK—KLLFLHTYHH 189 



Identities = 15/28 (53%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K VEF DT+ VL+ + ++TFLH YHH 
ELOl: 151 KFVEFADTVLMVLKHR—KLTFLHTYHH 176 



Identities = 15/28 (53%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K E DTIF +LRK+ ++ FLH YHH 
rEL02: 120 KAPELGDTIFIILRKQ— KLIFLHWYHH 145 



Identities = 15/28 (53%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K E DTIF +LRK+ ++ FLH YHH 
Lee: 120 KAPELGDTIFIILRKQ — KLIFLHWYHH 145 



Identities = 15/28 (53%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K E DTIF +LRK+ ++ FLH YHH 
LCE: 120 KAPELGDTIFIILRKQ — KLIFLHWYHH 145 



Identities = 14/28 (50%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K+VE DT F +LRK+ + F+H YHH 
Elovl3:125 KWELGDTAFIILRKRP — LIFVHWYHH 150 



Figure 2 cont'd 



Identities = 14/28 (50%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K E DT+F VL+KK * + FLH +HH 
MAELO: 141 KYWELADTVFLVLKKK—PLEFLHYFHH 166 



Identities = 13/28 (46%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K VE+LDT + VL+ K +++FL +HH 
IgASE 1:351 KYVEYLDTAWLVLKGK—RVSFLQAFHH 416 



Identities = 13/28 (46%) 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 

K++E DT F +LRK+ + F+H YHH 
ELOVL3:124 KVIELGDTAFIILRKR—PLIFIHWYHH 149 



Figure 2 cont'd 



Identities = 28/28 (100%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

KLIEFMDTFFFILRKNNHQITVLHVYHH 
rELOl: 120 KLIEFMDTFFFILRKNNHQITVLHVYHH 147 



Identities = 28/28 (100%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

KLIEFMDTFFFILRKNNHQITVLHVYHH 
EL0VL5: 120 KLIEFMDTFFFILRKNNHQITVLHVYHH 147 



Identities = 20/28 (71%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

KL+EF+DT FF+LRK +QIT LHVYHH 
MEL04: 1 KLVEFLDTIFFVLRKKTNQITFLHVYHH 28 



Identities = 19/28 (67%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K +EF+DT FF+LRK QIT LHVYHH 
EL0VL2: 123 KSVEFLDTIFFVLRKKTSQITFLHVYHH 150 



Identities =18/28 (64%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K +E++DT FFILRK N+Q++ LHVYHH 
Elovl4: 135 KGVEYLDTVFFILRKKNNQVSFLHVYHH 162 



Identities = 18/28 (64%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K +E++DT FFILRK N+Q++ LHVYHH 
EL0VL4: 135 KGVEYLDTVFFILRKKNNQVSFLHVYHH 162 



Identities = 18/28 (64%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K+IE MDT FILRK + Q+T LHV+HH 
Elovll: 118 KVIELMDTVIFILRKKDGQVTFLHVFHH 145 



Identities = 18/28 (64%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K IE MDT FILRK + Q+T LHV+HH 
ELOVLl: 118 KFIELMDTVIFILRKKDGQVTFLHVFHH 145 



Identities = 18/28 (64%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K IE +DT FF+LRK N Q+T LHV+HH 
ELG4: 124 KFIELLDTIFFVLRKKNSQVTFLHVFHH 151 



Identities = 17/28 (60%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K++EF+DT +L+KNN QI+ LHVYHH 
GLELO: 161 KIMEFVDTMIMVLKKNNRQISFLHVYHH 188 

Figure 3 



Identities = 16/28 (57%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K +EFMDT IL+++ QI+ LHVYHH 
PSEl: 137 KYVEFMDTVIMILKRSTRQISFLHVYHH 164 



Identities = 15/28 (53%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K lEF+DTFF +L+ + ++T LH YHH 
EL02: 157 KFIEFIDTFFLVLK—HKKLTFLHTYHH 182 



Identities = 14/28 (50%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K E DT F ILRK ++ LH YHH 
Lee: 120 KAPELGDTIFIILRK—QKLIFLHWYHH 145 



Identities = 14/28 (50%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K E DT F ILRK ++ LH YHH 
LCE: 120 KAPELGDTIFIILRK—QKLIFLHWYHH 145 



Identities = 14/28 (50%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K E DT F ILRK ++ LH YHH 
rEL02: 120 KAPELGDTIFIILRK—QKLIFLHWYHH 145 



Identities = 14/28 (50%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

KL E +DT F +LRK + LH YHH 
CEELOl: 134 KLFELVDTIFLVLRK—RPLMFLHWYHH 159 



Identities = 12/28 (42%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K +E +DT F +LR+ ++ LH YHH 
EL03: 164 KFVELIDTVFLVLRRK — KLLFLHTYHH 189 



Identities = 12/28 (42%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K +EF DT +L+ + ++T LH YHH 
ELOl: 151 KFVEFADTVLMVLK — HRKLTFLHTYHH 176 



Identities = 11/28 (39%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K E DT F +L+K + LH +HH 
MAELO: 141 KYWELADTVFLVLKKK—PLEFLHYFHH 166 



Identities = 8/28 (28%) 
MEL07: 1 KLIEFMDTFFFILRKNNHQITVLHVYHH 28 

K +E++DT + +L+ +++ L +HH 
IgASEl: 118 KYVEYLDTAWLVLK—GKRVSFLQAFHH 143 



Figure 3 cont'd 
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1. General introduction 



Polyunsaturated fatty acids (PUFAs) are fatty acids of 18 carbons or more in length with two 
or more double bonds. Depending on the position of the first double bond proximate to the 
methyl end of fatty acids PUFAs can be classified into two major groups, n-6 and n-3 families 
They are obtained either through diet or synthesized from dietary essential fatty acids (EFA) i e 



* Corresponding author. Tel.: + 1-614-624-3501; fax: -1-1-614-624-0008. 
E-mail addresses: vic.haung@abbott.coni (Y.-S. Huang). 
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Nomenclature 


AA 


arachidonic acid 


ACP 


acyl carrier protein 


ADA 


adrenic acid 


ALA 


a-linolenic acid 


DHA 


docosahexaenoic acid 


DPA 


docosapentaenoic acid 


EFA 


essential fatty acids 


ELG 


human elongase 


ELO 


yeast fatty acid elongase 


ELOVL 


human long-chain fatty acid elongase 


Elovl 


mouse long-chain fatty acid elongase 


EPA 


eicosapentaenoic acid 


EST 


expressed sequence tag 


ETA 


eicosatetraenoic acid 


ETrA 


eicosatrienoic acid 


FACE 


fatty acid chain elongation 


FAE 


fatty acid elongase 


FAS 


fatty acid synthase 


GLA 


y-linolenic acid 


GLELO 


Mortierella alpina y-linolenic acid elongase 


HELD 


himian fatty acid elongase 


IgASE 


isochrysis galbana elongase 


KAS 


P-ketoacyl ACP synthase 


KCR 


P-ketoacyl CoA reductase 


KCS 


P-ketoacyl CoA synthase 


LA 


linoleic acid 


LCE 


human long-chain fatty acid elongase 


Lee 


mouse long-chain fatty acid elongase 


MAELO 


Mortierella alpina elongase 


ORF 


open reading frame 


PGR 


polymerase chain reaction 


PSE 


Physcomitrella patens elongase 


PUFA 


polyunsaturated fatty acids 


rELO 


v;rat fatty acid elongase 


SDA 


stearidonic acid 


SREBP 


sterol regulatory element-binding protein 


THA 


tetracosahexaenoic acid 


TPA 


tetracosapentaenoic acid 


VLCFA 


very long-chain fatty acids 
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linoleic acid (LA, C18:2n-6) and a-linolenic acid (ALA,C18:3n-3), via a common desaturase/ 
elongase system (Fig. 1) [6]. For example, docosahexaenoic acid (DHA, C22:6n-3), a long-chain 
n-3 PUFA, is synthesized from ALA by the addition of a double bond by a A6-desaturase to 
form stearidonic acid (SDA, C18;4n-3); the elongation of SDA to form eicosatetraenoic acid 
(ETA, C20:4n-3); the addition of another double bond by a A5-desaturase to form eicosa- 
pentaenoic acid (EPA, C20:5n-3); the elongation of EPA to form a)3-docosapentaenoic acid 
(a)3-DPA, C22:5n-3); and the final addition of a double bond to form DHA [104]. The formation 
of DHA from EPA occurs via two diflferent mechanisms in eukaryotes. In higher eukaryotes like 
mammals, EPA is elongated to q)3-DPA which is further elongated to a)3-tetracosapentaenoic 
acid (TP A, C24:5n-3); a double bond is then added to o)3-TPA by a A6-desaturase to form 
G)3-tetracosahexaenoic acid (THA, C24:6n-3), and the THA is oxidized to DHA in peroxisomes 
[35,107]. However in lower eukaryotes like the Thraustochytrid sp. EPA is elongated to co3-DPA; 
a double bond is then added directly to a)3-DPA by A4-desaturase to generate DHA [87]. To 
synthesize long chain n-6 PUFAs, a)6-docosapentaenoic acid (a)6-DPA, C22:5n-6) from LA, the 
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same alternating desaturation and elongation steps (via either the A4-desaturase route, or the 
P-oxidation route) are utilized. 

PUFAs are important structural components that confer membrane fluidity and selective per- 
meability [117]. For example, DHA, a long-chain n-3 PUFA, and arachidonic acid (AA, C20:4n- 
6), a long-chain n-6 PUFA, are found in high proportions in neuronal tissues such as brain and 
retina, and testis [12,89], Deficiencies in both DHA and AA have been associated with disorders 
of the neuro- visual development and other complications of premature birth [15,26,48,61], 
PUFAs also serve as precursors for eicosanoids, growth regulators and hormones, and are con- 
stituents of membrane phosphoUpids involved in signal transduction [53,102], and therefore have 
profound eflFects on various physiological processes such as cognitive function, and inununosup- 
pressive and anti-inflammatory actions [100]. 

Normally, only a very small proportion of dietary Hnoleate and a-Unolenate can be converted 
to longer PUFAs; most of them are P-oxidized to provide energy [27], The already low formation 
of PUFAs can be further depressed by various nutritional and hormonal factors [13], For exam- 
ple, the levels of PUFAs as compared with healthy subjects, are low in patients suffering from 
chronic diseases, such as diabetes, and hypercholesterolemia [13], Riemersma et al. [90] have 
demonstrated in males that there exists a correlation between the increased mortaUty from cor- 
onary heart disease and low levels of Unoleic acid, dihomo-gamma-Unolenic acid (C20:3n-6) and 
arachidonic acid (C20:4n-6) in adipose tissue. Singer et al. [101] have also shown a defective 
desaturation and elongation in the n-6 and n-3 fatty acid system in patients suffering from 
hypertension. Imbalance in n-6 and n-3 PUFA metabolism has also been imphcated in other 
chronic diseases such as rheumatoid arthritis, autoimmune disorders, Crohn's disease, and cancer 
[24,99], 

Increasing evidence has shown that dietary supplementation of PUFAs, such as y-linolenic acid 
(GLA, C18:3n-6), and EPA/DHA, can exert the anti-inflammatory, anti-thrombotic and anti- 
arrhythmia activities, and provide beneficial effects on glucose and lipid metaboli'sm 
[4,17,49,54,58,124,131], These findings have received much attention from food manufacturers, 
pharmaceutical companies, as well as the general pubUc. As a result, additions of long-chain 
PUFAs have been made in new food products such as 'DHA plus' eggs, and DHA-, AA- and/or 
GLA-fortified infant formulas. The increase in demand has also raised interest in obtaining these 
PUFAs from other alternate more sustainable sources, particularly by genetic engineering of oil 
seed crops such as canola and soybean. In recent years, various eff'orts from many laboratories 
have been directed towards the identification and closing of genes encoding the enzymes involved 
in biosynthesis of PUFAs, for this very use [1], 

Since the desaturation steps have long been considered the rate-limiting steps for the biosynth- 
esis of PUFAs, most studies have focused on the isolation and characterization of genes encoding 
desaturases involved in PUFA production. Genes encoding the following desaturases have been 
isolated and identified from various sources; a A4-desaturase from Thraustochytrium sp. [87]; 
A5-desaturases from Mortierella alpina [57,69], Caenorhabditis elgans [70,121], and human 
[19,65]; A6-desaturases from M. alpina [45], cyanobacteria [88,96], borage [88], C. elegans [39,73], 
mammals [2,18,94], and Physcomitrella patens [37]; a A6/A5 fusion desaturase from zebrafish 
[41]; A8-desaturase from Euglena gracilis [120]; A 12 desaturase from cyanobacteria [88], algae 
[93], C. elegans [79], fungi [45,78,92], and plants [14,25,33,80]; and a>-3 fatty acid desaturases from 
plants [126], cyanobacteria [91], and C. elegans [108]. 
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Recently studies in M. alpina, however, indicate that the elongation of C18:3n-6 to C20:3n-6 is 
the rate-limiting step in AA biosynthesis [125]. Thus in this case, increasing the activity of the 
elongase enzyme via genetic manipulation, rather than manipulating the A 12-, A6-, and 
A5-desaturases for increased enzymatic activity, would be a better approach to increasing the 
production of AA in this organism. Regardless of which enzyme is responsible for directing the 
synthesis of PUFAs, it is obvious that elongases are critical for this biosynthetic process. To date, 
only a few genes involved in the elongation of PUFAs have been characterized. This review cov- 
ers the recent advances in fatty acid chain elongation in mammals and lower eukaryotes. 



2. Fatty acid chain elongation 

2.7. Introduction 

The terms such as elongase system, elongase, or fatty acid chain elongation system (FACES) all 
refer to enzymes that are responsible for the addition of two carbon units to the carboxyl end of a 
fatty acid chain. In both plants and animals, the elongase system, as it is referred to in this review, 
is composed of four enzymes: a condensing enzyme (p-ketoacyl CoA synthase, KCS), P-ketoacyl 
CoA reductase (KCR), P-hydroxyacyl CoA dehydrase, and trans-l-tnoyl CoA reductase (Fig. 2). 
Fatty acid elongation is initiated by the condensation of malonyl-CoA with a long chain acyl- 
CoA, yielding a P-ketoacyl-CoA in which the acyl moiety has been elongated by two carbon 
atoms. The formed p-ketoacyl-CoA is then reduced by p-ketoacyl CoA reductase to P-hydroxy- 
acyl-CoA, which is dehydrated by the dehydrase to an enoyl-CoA, and further reduced by the 
enoyl reductase to yield the elongated acyl-CoA [21]. 

In the cell, there exist multiple microsomal elongation systems with different chain length spe- 
cificity. Early data from several laboratories suggested that there are three separate fatty acid 

Elongation of Fatty Acid 
R - CO - CoA + Malonyl - CoA 

^ketoacyl CoA synthase (KCS) 
R-CO-CH^-CO-CoA 

^'ketoacyl CoA reductase (KCR) 
R - CHOH - CH2 - CO - CoA 

^hydroxyacyl CoA dehydrase 
R-CH = CH-CO-CoA 

trans-2-enoyl CoA reductase 
R-CH2-CH2-CO-C0A 
Fig. 2. Fatty acid chain elongation reaction. 
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elongation systems responsible for the synthesis of saturated fatty acids with diflFerent chain 
lengths: one for the elongation of paknitic acid (C16:0) to stearic acid (C18:0), a second for the 
elongation of stearic acid to arachidic acid (C20:0), and a third for the elongation of arachidic 
acid to behenic acid (C22:0) and hgnoceric acid (C24;0) [11,38,81]. Suneja et al. [110] have 
examined the brains of, 'jimpy and quaking' mouse mutants, and found that the chain elongation 
of arachidoyl CoA (C20:0) and behenoyl CoA (C22:0) were decreased more dramatically than 
that of palmitoyl CoA (16:0). Additional studies supported the existence of multiple elongation 
enzymes specific for diflFerent chain length saturated fatty acids [1 1 1]. 

There also exist diflFerent elongation system responsible for elongation of saturated versus 
unsaturated fatty adds. Sprecher [103] demonstrated that m animals, fasting followed by re- 
feeding a normal versus a fat-free diet, difierentially modulated the hepatic activities of elonga- 
tion of palmatic acid versus PUFAs. Further evidence for the existence of diflFerent elongation 
systems for saturated versus unsaturated fatty acids was provided by Bemert and Sprecher [9], 
Prasad et al. [85], and Chapkin and Coble [16]. More recently, Luthria and Sprecher [66] obtained 
evidence suggesting the presence of multiple chain-elongating enzymes, specific for fatty acids of 
diflFerent chain length and diflFerent degrees of unsaturation. 

As mentioned previously, the elongation system requires four enzymatic reactions (Fig. 2). One 
would question which one of these four enzymes is responsible for the substrate specificity and is 
rate-limiting. Unfortunately, purification of these membrane-bound elongation enzymes to 
homogeneity is a daunting task and has thus made the biochemical characterization of these 
elongation enzymes rather challenging. To date, attempts to purify these enzymes, particularly 
the condensing enzyme, by many researchers are unsuccessful. Nevertheless, biochemical studies 
have provided indirect evidence to indicate that the condensing enzyme of the elongation system 
is rate-Umiting [9,21,75]. This enzyme regulates the specificity of the substrate fatty acids in term 
of chain length and the degree of unsaturation. Its activity is regulated by dietary and hormonal 
status. Recent advances in genetic manipulation have provided an alternate approach to under- 
stand this reaction process. Suneja et al. [110,111] have demonstrated in mouse mutants that a 
reduction in total elongation activities correlated with the reduction in only the condensation 
activity, but not the activities of the other three enzymes in the elongation system. 

2.2. Elongation in yeast 

The elongation products of fatty acid biosynthesis have been much studied, and the organisms 
that produce high levels of PUFAs had been categorized, but no elongation enzyme has been 
isolated nor even cloned until recently. Three separate elongase genes, ELOl, EL02, and EL03, 
were identified from the baker's yeast, Saccharomyces cerevisiae, and their activities determined 
by mutation analysis [32,76,97] (Table 1). 

The 5. cerevisiae ELOl gene product of 310 amino acids was first identified as being responsible 
for the elongation of C14- fatty acids to C16 species, by studying gene defective mutants which are 
not capable of growing on fatty acids shorter than C16:0 [114]. The EL02 and EL03 genes were 
later identified based on the homology to the ELOl by searching the 5. cerevisiae genome data- 
base [76]. The yeast EL02 and EL03 were initially cloned by complementation of GNSl mutants 
and SUR4 mutants, respectively, and categorized as such. Often, a gene was identified, but the 
activity of the expressed protein was not known at the time. It wasn't until the work of Oh et al. 
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Table 1 

A list of the varioiis members of the ELO family of proteins 







/VllClUilLC 


x^onversion 


Amino 


Accession 






udines 




adds 


number 


ELOl 


S. cerevisiae 




Ci4 to Ci6 


310 


NP_0 12339 


EL02 


S. cerevisiae 


GNSl, FENl 


Up to C24 SFA/MUFA 


347 


NP_009963 


EL03 


S. cerevisiae 


SUR4 


Broad SFA/MUFA, essential for C24 to C26 


345 


NP_0 13476 


ELOVLl 


Himian 


ELGl 


GLA, AA, ALA, EPA 


279 


XP_002040 


ELOVL2 


Human 


ELG3 


C20 and C22 PUFAs 


296 


NP_060240 


ELOVL3 


Human 


Cig30, ELG6 


GLA, ALA 


270 


AAG 17875 


ELOVL4 


Human 




C20 and C22 PUFA (?) 


314 


NP_073563 


ELOVL5 


Human 


HELOl 


GLA, AA, STA, EPA, ALA 


299 


NP_068586 


LCE 


Human 


FACE 


C,2-Ci6 SFA/MUFA 


265 


NP_076995 


ELG4 


Human 




GLA, AA, ALA, EPA 


281 




Elovll 


Mouse 


Sscl 


Broad SFA/MUFA up to C24 


279 


NP__062295 


Elovl2 


Mouse 


Ssc2 


C20 and C22 PUFAs 


292 


NP,062296 


EIovl3 


Mouse 


Cig30 




271 


NP_G31729 


Elovl4 


Mouse 






312 


AAG47667 


Lee 


Mouse 


FACE 


C,2-Ci6 SFA/MUFA 


267 


AY053453 


rELOl 


Rat 




C16-C20 MUFA/PUFA 


299 


NP 599209 


rEL02 


Rat 




C16 and C18 SFA/MUFA 


267 


BAB69888 


CEELOl 


C. elegans 




C16 MUFA/C,8 PUFA 


288 


AF244356 


GLELO 


M. alpina 




GLA, STA 


318 


AAF70417 


MAELO 


M. alpina 






317 


AAF71789 


IgASEl 


L galbana 




LA, ALA 


263 


AF390174 


PSEl 


P. patens 




GLA, STA 


290 


AF428243 



Source of origin of these proteins is indicated, as well as the substrate specificity, protein length, and NCBI accession 
number. 



[76] that these enzymes were proven to be involved in the synthesis of long-chain fatty acids. 
EL02 is involved in the synthesis of saturated and monounsaturated fatty acids of up to 24 car- 
bon atoms in length, while EL03 elongated a broader group of saturated and monounsaturated 
fatty acids, and is essential for the conversion of C24:0 to C26:0 [76]. All three ELO gene pro- 
ducts identified so far are condensing enzymes of th^^ elongation system, but they have diflferent 
substrate preferences. Dittrich et al. [32] have examined in details the substrate specificity, cofac- 
tor requirement and kinetic characteristics of yeast elongation enzymes. 

Recently, progress has been made in identifying the other components of the elongation system. 
YBR159a) was identified as encoding a p-ketoacyl reductase, a protein that catalyzes the second 
step in each cycle of fatty acid elongation [7,40]. The deduced protein sequence of YBR159(j£) gene 
is 347 amino acids, and has significant homology to orthologues present in Drosophila melano- 
gaster, C. elegans, and Arabidopsis sp. The encoded protein is also a member of the short-chain 
alcohol dehydrogenase superfamily and shows limited homology to human steroid dehy- 
drogenases. Although YBR159a) is a non-essential gene, the oxidoreductase Ybrl59p is specifi- 
cally required for heterologous elongation activity in 5. cerevisiae, and this activity can be 
enhanced by the over-expression of itself. 
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TSC13 gene, which is essential for yeast viability, has also been identified as encoding an enoyl 
reductase, a protein that catalyzes the last step in each cycle of fatty acid elongation [56]. The 
deduced protein sequence of TSC13 gene is 310 amino acids, is evolutionarily conserved, and has 
significant homology to rat, human, and Arabidopsis steroid reductases. The encoded protein, 
Tscl3p, co-immunoprecipitates with Elo2p and Elo3p, is localized to endoplasmic reticulum, and 
is enriched at sites of nuclear-vacuolar interface. 

2.3, Elongation in mammals 

The first identified mammahan gene encoding the elongation enzyme was thought to be 
involved in the recruitment of brown adipose tissue in mice exposed to cold. The enzyme was 
named as Cig30 (cold-inducible glycoprotein of 30 kDa) [115]. Based on homology to Cig30, 
Tvrdik et al. [116] have subsequently identified two other mouse genes, Sscl and Ssc2. All three 
enzymes were later reclassified as belonging to a gene family (ELOVL) involved in the biosynth- 
esis of very long chain fatty acids. Complementation studies in yeast mutants indicated that Sscl 
(Elovll) was functionally equivalent to yeast EL03, and that Cig30 (Elovl3) was equivalent to 
EL02. They are involved in the elongation of a broad group of saturated and monounsaturated 
fatty acids up to 24 carbons. The specific activity of Scc2 (Elovl2) was not characterized at that 
time. However, Tvrdik et al. [116] suggested that since the level of expression of Elovl2 is high in 
testis, which is also rich in long-chain PUFA, Elovl2p is likely involved in the metabolism of 
long-chain PUFA species. This view has recently been confirmed in our study in which we iden- 
tified this mouse gene by expression in mammahan and yeast systems and showed its involvement 
in the elongation of both C20 and C22 long-chain PUFA [64]. A Ust of the various mammahan 
elongases along with their proposed activity is displayed in Table 1. 

In manmiahan cells, fatty acids with lengths of 16-18 carbon atoms, constitute a majority of 
cellular fatty acids. They are major products of de novo synthesis by the activity of cytoplasmic 
fatty acid synthase (FAS). Since elongation of fatty acids by FAS ends at pahnitic acid (CI 6:0), 
and the end product of mammahan hpogenesis is usually oleic acid (C18:ln-9) or vaccenic acid 
(C18:ln-7), there is a missing step in the conversion of C16 to Cig fatty acids. Recently, Moon et 
al. [72] have identified and characterized a mouse cDNA corresponding to a manmiahan fatty 
acid elongase by microarray analysis of mRNA obtained from the sterol regulatory element- 
binding protein (SREBP)-transgenic mouse livers, and designated it "long chain fatty acyl elon- 
gase" (Lee). Expression of the LCE gene in transgenic .mice revealed that all tissues contained Lee 
mRNA, with high fat-containing tissues such as brown adipose tissue, white adipose tissue, Uver, 
and brain, displaying high levels of Lee transcripts, whereas the low fat-containing tissues Uke 
spleen, skeletal muscle, and heart exhibiting low levels of the Lee transcript [72]. The same 
enzyme has also been identified and characterized by Matsuzaka et al. [67] using DNA micro- 
array. They named the enzyme as fatty acyl-CoA elongase (FACE). In vitro microsomal fatty 
acid elongation assays demonstrated that FACE possesses elongase activity specific for C16 satu- 
rated and monounsaturated fatty acids (e.g., C16:0 and C16:ln-7). The enzyme is activated by the 
sterol regulatory element-binding protein (SREBP) with its expression being induced in the Uver 
and adipose tissue in the refed state after fasting, but suppressed by the presence of dietary PUFAs 
[67]. Evidence has shown that mouse Lee (FACE) is a condensing enzyme in the elongation system. 
It encodes 267 amino acid residues and has 96% identity with the human homologue of 265 amino 
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acids [72], It contains five transmembrane regions, a histidipe-rich motif (HXXHH), and ER 
retention signal (KKXX-like), all typical for members of fatty acid elongase family 
[21,76,116,130]. 

The first genes encoding enzymes specific for the elongation of long-chain polyunsatxirated fatty 
acids were identified in our laboratories from human and mouse [63]. The human HELOl cDNA 
sequence was identified from a human EST library based on the liraited identity with the S, cer- 
evisiae EL02 sequence. When the HELOl cDNA was expressed in yeast cells, its protein product 
converted a wide range of exogenously added Cig and C20 long-chain PUFA substrate into their 
respective C20 and C22 elongated products: GLA into DGLA, AA into adrenic add (ADA, 
C22:4n-6), STA into eicosatetraenoic acid (ETA, C20:4n-3), EPA into DPA and ALA into eico- 
satrienoic acid (ETrA, 20:3n-3). It is postulated that this enzyme is also involved in the elongation 
of co-3 DPA to 00-3 TPA during the biosynthesis of DHA in mammals (Fig. 1) [105-107], although 
activity studies using C22 PUFAs as substrates were not carried out at the time due to un-avail- 
abiUty of C22 PUFA substrate. Quantitative PGR demonstrated the distribution of the HELOl 
transcript in 22 different human tissues. The highest levels of HELOl mRNA were found in the 
testis and adrenal gland. Brain, lung, and prostate tissue also showed significant amounts of this 
transcript. These results are consistent with the fact that these tissues contain very high levels of 
ADA, an elongation product of AA [36,113]. The HELOl is also a member of the ELOVL 
family. The HELOl (ELOVL5) encodes 299 amino acids [63]. When the predicted amino acid 
sequence encoded by HELOl was compared with those of other enzymes involved in the elon- 
gation of fatty acids, the human enzyme showed only 29.1% identity with yeast EL02, and 
27.7% identity with yeast EL03. 

Very long chain fatty acids (VLCFA) are fatty acids with greater than 20 carbon atoms. 
VLCFA can be divided into saturated, monunsaturated and polyunsaturated. Polyunsaturated 
VLCFA up to 36 carbons have been detected in mature spermatozoa [84], retina [3], and also in 
brain [83,95,98,112], Sauerwald et al. [95] have shown the presence of radiolabeled 22:4n-3 and 
24:4n-3 in the plasma phosphoUpid fraction of infants receiving a dose of [U-^^C]18:3n-3 and 
suggested that there exists an elongase enzyme capable of producing 22:4n-3 and 24:4n-3 through 
sequential addition of two carbon units to carboxyl end of polyunsaturated fatty acid precursors. 
In human, the gene responsible for elongation of VLCFA is ELOVL2 and EL0VL4 [64,130], 

The human ELOVL2, as well as the mouse homologue Elovl2 were identified by blast analysis 
of NCBI database using the ELOVLSp sequences as the query. The ELOVL2 gene encodes a 
protein of 296 amino acids, sharing 56.4% amino ^cid sequence identity with EL0VL5 [64]. 
Expression studies in yeast revealed that this gene could efficiently elongate C20 and C22 PUFA 
substrates, but could not elongate Cig PUFA substrates, monounsaturated fatty acids or satu- 
rated fatty acids. The mouse homologue Elovl2 also showed specificity for C20 and C22 PUFA 
substrates when expressed in mouse L-cells. Northern analysis revealed that the highest level of 
expression of Elovl2 was found in mouse testis and hver, followed by brain and kidney [64]. 

EL0VL4 was identified by linkage and haplotype analysis in families with two forms of auto- 
somal dominant macular dystrophy. Genetic mapping indicated that the EL0VL4 gene encodes a 
protein that is 44% identical to Ssc2 and 35% identical to members of ELO gene family in yeast. 
Human EL0VL4 encodes for 314 amino acids with 92% identity to the mouse orthologue. 
Northern blot analysis revealed that EL0VL4 transcript was abundant in the human retina, 
exclusively being expressed in the photoreceptor cells, and also in brain and testis. All of these 



A,E, Leonard et ai./ Progress in Lipid Research 43 (2004) 36-$4 



45 



tissues are rich in very long chain fatty acids. Since the EL0yL4 has high homology to proteins 
that are involved in the elongation of long chain fatty acids, Zhang et al. [130] have suggested that 
the encoded enzyme is involved in the elongation of very long chain fatty acids. 

A recent PCT publication by Winther et al. [123] described the identification, isolation, and 
expression of seven human elongase genes in yeast. All seven encoded enzymes were classified as 
PUFA elongases. The ELG2 (ELOVLl), which is 92% identical to the mouse Elovll, has been 
shown to elongate y-linolenic acid (GLA; C18:3n-6), AA, ALA, and EPA by two carbon chains 
to their respective products [123]. The ELG3 gene, an orthologue of ELOVL5 (HELOl) has been 
shown to be active when co-expressed with the human A 5- and A6-desatuases [31]. The ELG4 
gene elongates GLA, AA, ALA, and EPA. The ELG6 gene, a human orthologue of ELOVL3, 
has also been shown to have slight activity in elongating GLA and ALA when expressed in yeast 
[123]. 

In rat, two elongase genes have been identified, rELOl and rEL02 [47]. The rELOl gene is a 
homologue of human ELOVL5, which is also 299 amino acids, was shown to elongate mono- and 
polyxmsaturated fatty acids of Ci6-C2o- Northern analysis showed that rELOl was expressed 
constitutively in various tissues with the highest levels observed in the brain and the lung [47]. 
Fasting and refeeding cycles of rats did not significantly affect the abundance of rELOl in 
Northern analysis. The rELOl sequence had high similarity with the sequence of EL0VL5 
(93%), followed by mouse Elovl2 (57.4%) and Elovl3 (25.8%). The rEL02 gene, whose encoded 
protein contains 267 amino acids, was demonstrated to elongate CI 6:0 and to a lesser extent 
CI 8:0, and fatty acids with a low degree of desaturation. Northern analysis revealed that rEL02 
expression in hepatocytes was activated by the fasting and refeeding cycles of rats on fat-free diet 
[47]. This contrasts with the constitutional expression of rELOl suggesting that a different reg- 
ulatory mechanism is responsible for the expression of the two elongases. The rEL02 gene has 
95.8% identity with the human homologue, ELOVL3 and 42.9% identity with mouse Elovl3. 

2 A. Elongation in plants 

In plants, there also exist very-long-chain fatty acids (VLCFAs) with chain lengths of 20-carbon 
or more. In contrast to the polyunsaturated VLCFA seen in animals however, VLCFAs in plants 
are saturated or monounsaturated, and are used as constituents of surface coverings, such as 
waxes [82] or as seed storage lipids [59]. The basic chemistry of fatty acid elongation in plants is 
similar to that in animals. Fatty acid elongation is, divided into four different reactions: con- 
densation of malonly-CoA with a long-chain acyl-primer to form a P-ketoacyl-CoA, reduction to 
p-hydroxyacyl-CoA, dehydration to ?ra«.s-2-enoyl-CoA and further reduction resulting in the 
elongated acyl-CoA [34]. The initial condensation step is catalyzed by the membrane-bound fatty 
acid elongase 1 (FAEl) also known as P-ketoacyl CoA synthase (KCS). The FAEl gene which is 
involved in the synthesis of the 22-carbon monounsaturated fatty acid, erucic acid (C22:ln-9) was 
first identified in Arabidopsis thaliana [50,59,62]. The FAEl homologues have also been found in 
other species such as Brassica sp. and jojoba [5,60]. The Arabidopsis FAEl gene was subsquently 
cloned and characterized [28,51,71,118]. Millar and Kunst [71] showed that FAEl encodes the 
condensing enzyme, p-ketoacyl-CoA synthase (KCS), which regulates the substrate specificity 
and activity of the elongation process. All plant FAEl enzymes are specific for saturated and 
monounsaturated fatty acids, but not polyunsaturated fatty acids. None of the condensing 
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enzymes share a significant homology with the yeast ELO genes or the mammalian PUFA elon- 
gases. The KCS and ELO proteins diflFer from each other in a number of different aspects. The 
ELO proteins are very hydrophobic containing 5-7 transmembrane domains spread evenly 
between the N- and C- terminus (refer to Section 2.5.3). The KCS proteins on the other hand have 
a small membrane anchor of 1-2 transmembrane helices confined to the N- terminus. They also 
have a conserved active site cysteine-residue that is not seen in the ELO proteins [128]. 

2.5. Elongation in lower eukaryotes 

2,5 J, Nematode 

Caenorhabditis elgans is a free-living nematode. C. elegans can synthesize a wide range of 
PUFAs, including AA and EPA, by converting saturated fatty acids obtained from their diet [46]. 
This worm possesses the full range of desaturase activities (A 12, cd15, A5, and A6-desaturases), in 
addition to their n-6 and n-3 PUFA elongase activities. Beaudoin et al. [8] characterized and 
expressed the C. elegans ORF (F56H1 1 .4) encoding the presumptive condensing enzyme activity of 
a fatty acid elongase in yeast. Designated as CEELOl, the 288 amino acid elongase of ORF 
F56H1L4 was also identified by searching the database with the M. alpina elongase sequence [30]. 
This elongase shows specificity for the Cig-PUFAs GLA and SDA when expressed in yeast [8]. This 
ORF shows some limited homology to the yeast ELO gene family required for very long chain 
saturated fatty acid elongation [76] and some homology with mouse Cig30 (Elovl3) gene [1 15]. 

The heterologous reconstitution of the PUFA biosynthetic pathway in yeast was demonstrated 
by co-expression studies of the C. elegans elongase with a A5- or A6- desaturase [8]. The genomic 
and functional characterizations of PUFA biosynthesis in C. elegans have also recently been 
addressed [74]. These knock-out mutation studies demonstrated that C. elegans does not require 
n-3 or A5-unsaturated PUFAs for normal development. The persistence of n-3 and n-6 elongated 
C20 fatty acids in the elongase knock-out mutants, however, indicated that at least one additional 
elongase is present in this nematode [122]. Unlike human, C. elegans lacks the abiUty to elongate 
C20 PUFAs, resulting in the biosynthetic pathway ending with EPA, the most abundant PUFA in 
this invertebrate. 

2.5.2. Fungus 

Many fungi, particularly the oleagenous species, have the abiUty to synthesize very long-chain 
PUFAs. For example members of the Saprolegnia sp. are rich in AA and EPA, Conidiobolus sp. 
and M. alpina are rich in AA [55]. Af. alpina can accumulate up to 40% (by wt.) lipid, of which up 
to 40% represents AA. Thus, this organism is commercially used in production of AA. Wynn and 
Ratledge [125] examined the fatty acid biosynthesis in M. alpina by studying its growth on lipid- 
based carbon sources. They showed that regulation of fatty acid synthesis and fatty acid desa- 
turation/elongation was separate and not repressed by the growth of the fungus on simple fatty 
acids. Based on their data, they concluded that the elongation of C18:3n-6 to C20:3n-6 is the rate- 
limiting step in the overall conversion of oleic acid to AA in M. alpina. The elongase responsible 
for this conversion, designated as GLELO, wasidentified in our laboratories by expression studies 
of the M. alpina EST library in yeast, and following the conversion of C18:3n-6 to C20:3n-6 
[29,30,77]. The encoded protein of 318 amino acids produced AA and EPA in yeast when co- 
expressed with the M, alpina A5-desaturase. Another M, alpirui elongase, which has 40% identity 
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to yeast Elo2p, was also identified. This second elongase (MAELO) had similar activities as 
Elo2p in elongating saturated and monounsaturated fatty acids of 16-18 carbons and very weak 
activity on PUFA substrates [29,30,77]. 

2,53. Marine protist 

Marine protests Uke the Thraustochytrid family of organisms, make large amounts of DHA, 
with some species accumulating >40% of the total lipids as DHA [55]. Schizochytrium, a member 
of the Thraustochytrid family, was recently demonstrated to utilize a polyketide synthase (PKS) 
pathway as its fatty acid biosynthesis system, similar to that employed by prokaryotes for PUFA 
biosynthesis [68], In this case, the authors ruled out the existence of a functional membrane 
bound desaturase/elongase system for biosynthesis of DHA based on the low proportion of 
desaturase genes identified during the random sequencing of the EST library. In addition, whole 
cell lipid analysis revealed a lack of Cig-, C20-, and C22-PUFA intermediates, which is typically 
seen in organisms utilizing the PKS pathway for PUFA production [68]. This generalization, 
however, can not be applied to all members of the Thraustochytrid family with the recent dis- 
covery of a A4-desaturase from a Thraustochytrium sp. [87]. In addition, a A5-desaturase was 
also identified from this organism [87]. Recently, Heinz et al. [42] have identified an elongase-like 
sequence from a Thraustochytrium sp., and yeast expression studies have demonstrated that this 
enzyme can elongate Cig PUFA substrates. These findings implicate that these marine protists 
may have two pathways for DHA production, and thus may possess all the enzymes of the 
desaturase/elongase pathway required for synthesis of DHA, along with the PKS system for 
DHA production. 

2,5 A. Microalga 

Many microalgae are rich in long-chain n-3 PUFAs. For example, Porphyridium cruentum, 
Nannochloropsis sp., Phaedactylum tricornutum and Monodus subterraneus are rich in EPA, 
whereas Crypthecodinium cohnii, Chroomonas salina and Isochroysis galbana are rich in DHA 
[22,23,43,52,109,127]. The green oleaginous alga, Parietochloris incisa, is one of the few microalga 
that is rich in arachidonic acid [10]. 

A recent study has identified a Cig elongase in /. galbana by PCR-based strategy [86]. Desig- 
nated as IgASEl, the encoded protein is predicted to be 263 amino acids and 30 kDa. The protein 
shares only limited homology to animal and fungal proteins with elongating activity. It is the first 
pubUshed elongase that substitutes a glutamine (Q), for the first histidine of the histidine box 
motif. Expression in yeast cells indicate that this protein elongates specifically linoleic acid and 
a-linolenic acid to eicosadienoic acid (C20:2n-6) and eicosatrienoic acid (C20:3n-3), respectively. 
Qi et al. [86] suggest that /. galbana may utilize the A8-desaturation pathway for its EPA and 
DHA synthesis. 

2,5.5, Moss 

The moss Physcomitrella contains high levels of fatty acids up to 20 carbons, and their 

biosynthesis involves the desaturation/elongation enzymes. P. patens elongase, PSEl, was char- 
acterized as a 290 amino acid protein. The protein sequence shares only 38.5% identity and 
48.3% similarity with the yeast ELOl [129], but has very strong identity with the M, alpina 
GLELO [128], Expression studies of PSEl in S, cerevisiae led to the elongation of GLA and ST A, 
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and deletion mutants of PSEl gene provided additional evidence for the function of PSEl. 
P. patens also has a P-ketoacyl-CoA synthases (KCS), similar to the KCS involved in the elon- 
gation system in plants [71]. In plants the KAS is shown to be specific for saturated and mono- 
unsaturated fatty acids, and thought to be involved in the supply of very long-chain fatty acids 
for waxes and seed storage lipids. Genome of other higher plants, such as Arabidopsis^ com, 
cotton, soybean, and wheat also contain both KCS-like and ELO-like sequences. 

2,6. Sequence alignments jphylogenetic tree 

The molecular identification of the fatty acid elongases involving in the biosynthesis of long- 
chain fatty acids has revealed their structural characteristics. There is a highly conserved motif, a 
histidine box containing three histidine residues, HXXHH, embedded in tiie fourth membrane 
spanning region, and the presence of five hydrophobic stretches predictable as a membrane- 
spanning region [63,67,72,116,123]. However, these features are not detected in plant enzymes, 
such as KAS II [119] and FAEl [51]. Inagaki et al. [47] have speculated tiiat tiie differences were 
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Fig. 4. QustalW alignment of the deduced amino acid sequences of 22 members of the ELO family of elongating 
enzymes. These proteins are obtained from human (ELOVL, LCE), mouse (Elovl, Lee), rat (rELO), worm (CEELO), 
moss (PSE), fungi (GLELO, MAELO), and algae (IgASE). Only regions of the sequences that contain amino acid 
homology are depicted. Numbers indicate the position of the amino acid residues from the start of the sequence. 
Identical residues are shown in shaded boxes, and highly conserved residues in open boxes. The conserved Histidine 
box is underlined. 
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due to the differences in the structure of derivative groups. The plant enzymes use fatty acids 
bound to acyl carrier proteins (ACP) as a substrate [44], whereas elongases from animals (may 
include fungi, yeast), require the CoA-activated substrate. 

The amino acid sequences of 90 enzymes expected or known to be involved in the elongation of 
fatty acids were aligned with ClustaJX [128]. The protein diverged into two groups within the 
phylogenetic tree, with each group showing similarities to either ELO proteins or KCS proteins. 
Of the ELO proteins, 21 known elongase sequences were ahgned with ClustalW. The phyloge- 
netic tree shows the similarities of the mammaUan homologues, with some divergence between the 
proteins of different unsaturation preferences (Fig. 3). 

The ClustalW alignment of these 22 known elongases clearly highlights the conserved amino 
acids (Fig. 4). One highly conserved motif, a histidine box containing three histidine residues, 
found also in a number of membrane-bound desaturases, is common to all 22 sequences. Fifteen 
other fully conserved residues are identified in the multiple alignments where they are indicated by 
an asterisk (Fig. 4). These residues, as well as the conserved strong groups that are indicated by a 
semi-colon, suggest their critical importance in the catalytic activity and structure of the elongases. 
Winther et al. [123] proposed a model for the human elongases embedded in the endoplasmic 
reticulum (ER), the elongase encompasses a ring of transmembrane domains enclosing an inner 
catalytic cavity for insertion of fatty acyl chains. 

3. Conclusion 

Fatty acids are critical for the normal development and function of all organisms, and in par- 
ticular, very long chain PUFAs are necessary for the health and maintenance of higher organism 
such as mammals. In the past, the extreme hydrophobicity of the identified elongase proteins has 
prevented their purification and thus the precise biochemical characterization of their roles in 
fatty acid elongation. However, much progress has been made in the study of the fatty acid bio- 
synthesis pathways using molecular biology tools. Also the recent identification of a number of 
different elongases from various sources will provide a means for studying structure-function 
relationships based on sequence comparative analysis and mutation studies. Comparative 
sequence analysis has already helped group the condensing enzyme of the elongation system into 
two categories; the ELO system that includes enzymes involved in long chain PUFA production, 
and the KCS/FAE system found exclusively in plants for the production of waxes and seed sto- 
rage Upids. 

Although the long chain PUFA biosynthesis machinery was known to exist in various organ- 
isms, not much was known about the enzymes involved in this pathway, particularly the elon- 
gases. However with the advent of the genome sequencing projects for various organisms, many 
ELO like sequences have been identified from the database of various organisms including 
himian, mouse, rat, Arabidopsis^ S. cerevisiae, L, major, D, melanogaster , M, fascicularis, and 
C. elegans. Even for organisms whose genomes were not being sequenced, the presence of 
PUFAs, and the discovery of at least one enzyme from the desaturase/elongase pathway, pro- 
vides grounds for the pursuit and identification of other enzymes that are involved in this bio- 
synthesis process. For example, the discovery of a A6-desaturase in Physcomitrella confirmed the 
existence of the desaturase/elongase pathway, which led to the identification of the PSEl 
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encoding the elongase involved in PUFA production [37,128], The ability to express the elongase 
genes in heterologous host expression systems have further contributed to our understanding of 
lipid function and modifications. In 5. cerevisiae for example, the absence of an endogenous long 
chain PUFAs biosynthesis machinery provides for easy, uncomplicated screening system for 
identification of unknown genes with PUFA elongating activity. This system was used for the 
identification of the first elongase involved in PUFA biosynthesis [77]. Chuang et al. [20] have 
also used this system to demonstrate elongation of conjugated Unoleic acid by HELOlp. 

The identification of PUFA elongase from mammalian sources, as well as the other enzymes 
involved in the biosynthesis of long chain PUFAs, ojBfers the potential of studying various fatty 
acid associated disorders and understanding their mode of action. Since diabetes and cardiovas- 
cular disease are all related to lipid metabolism dysfunction, interest in this area exploded over the 
past couple of years. In addition, inflammatory disease like arthritis, and also certain cancers, are 
shown to be associated with aberrant n-6/n-3 PUFA ratios, leading to overproduction of the pros- 
taglandins and leukotrienes that enhance inflammation. Thus there is a drive to understand the 
regulation of the n-6/n-3 pathways, and identify compounds that can modulate the ratios of the 
different PUFAs. 

Recent advances in the PUFA biosynthesis pathway has opened the avenue for better under- 
standing of the various chronic diseases from the genetic stand point, as well as from the disease 
stand point. Genetic mapping data identified a 5-bp deletion in ELOVL4 as being associated with 
an inherited form of autosomal dominant macular dystrophy [130], And based on recent identi- 
fication and functional characterization of elongase genes from other organisms, the functionality 
of EL0VL4 was identified as an elongase. 

The identification of different elonagase and desaturase genes involved in the EPA/DHA pro- 
duction has important biotechnological appUcations. These genes can be used in the production 
of PUFA-rich transgenic plant oils for therapeutic and prophylactic use. Also, advances in 
understanding gene regulation in PUFA biosynthesis will also impact the single-cell oil industry, 
such that growth conditions of the microalgae can be manipulated to enhance the production of 
EPA/DHA. This in turn will impact the marine fish-farming industry which depends on micro- 
algae for enhancing the levels of PUFAs in fish. All the above will eventually afford the public an 
economical source of balanced n-3/n-6 PUFA-enriched oils that will greatly impact general health 
and nutrition in the near future. 
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Abstract IgASEl, a ClS-Af^polyunsaturated fatty acid-specif- 
ic fatty acid elongase component from Isochrysis galbana, con- 
tains a variant histidine box (his-box) with glutamine replacing 
the first histidme of the conserved histidine-rich motif present m 
all other known equivalent proteins. The importance of gluta- 
mine and other variant amino acid residues in the his-box of 
IgASEl was determined by site-directed mutagenesis. Results 
showed that all the variation in amino acid sequence between 
this motif in IgASEl and the consensus sequences of other 
elongase components was required for optimum enzyme activity. 
The substrate specificity was shown to be unaffected by these 
changes suggesting that components of the his-box are not di- 
rectly responsible for substrate specificity. 
© 2003 Federation of European Biochemical Societies. Pub- 
lished by Elsevier Science B.V. All rights resored. 

Key words: Fatty acid elongating activity; 
Site-directed mutagenesis; Specificity; Isochrysis galbana 



1. Introduction 

Much interest is currently being focused on the very long 
chain polyunsaturated fatty acids (PUFAs) arachidonic acid 
(AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA) because of their involvement in early human retinal 
and brain development and disease prevention [1-5]. Their 
role as precursors of eicosanoids, a family of biological effec- 
tors involved in inflanunatory responses, regulation of blood 
pressure and blood clotting, has also been established [6]. 
They are obtained either directly from the diet or synthesised 
from the 0)6 and (oB essential fatty acids linoleic acid (LA, 
C18:2n-6, A9,12) and a-linolenic acid (ALA, C18:3n-3, 
A9,12,15), respectively, by alternating desaturation and elon- 
gation reactions. Fatty acid elongation is a four-step process 
involving condensation, reduction, dehydration and a second 
reduction reaction, with substrate specificity residing in the 
rate-limiting condensation reaction [7]. This means that elon- 
gases with different substrate specificities can be assembled 



♦Corresponding author. Fax: (44> 117-9257374. 
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Abbreviations: PUFA, polyunsaturated fatty acid; AA, arachidonic 
acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; 
LA, linoleic acid; ALA, a-linolenic add; GLA, 7-tinolenic acid; 
ST A, stearidonic acid; EDA, to6-eicosadienoic add; EtrA, co3-eicosa- 
trienoic add 



using variable condensing components and common dehydra- 
tion and reduction components. Studies on the mouse LCE 
gene indicated that it encodes the condensation component of 
a long-chain fatty add elongase [8], and related genes have 
been isolated from a number of sources including yeast [9, 1 0], 
Mortierella alpina [11] human [12], nematodes [13] and moss 
[14]. The characterisation of a Cl8-A9-specific PUFA elongase 
condensation component from Isochrysis galbana [15], togeth- 
er with the isolation of A8 and A4 desaturases from Euglena 
[16] and Thraustochytrium [17], suggested that EPA and DHA 
may be synthesised from ALA by a so-called (d3-A8 pathway 
in these organisms [15]. .In this pathway, which is shown in 
Fig. 1, ALA is first elongated by a C18-A9-spedfic fatty acid 
elongase to C20:3n-3 ((D3-eicosatrienoic acid (EtrA)), with 
further desaturations/elongations yielding C20:5n-3 (EPA) 
and finally C22:6n-3 (DHA), 

Alignment of the amino acid sequences of fatty add elon- 
gase condensation components reveals the presence of a 
highly conserved histidine-rich motif, HXXHH ('his-box') 
(Fig, 2). In IgASEl, however, glutamine (Q) replaces the first 
histidine in the his-box, and the significance of this substitu- 
tion is unclear [15]. Similarly, alignment of most membrane- 
bound fatty acid desaturases reveals three highly conserved 
his-boxes, and these have been implicated in the binding of 
di-iron, a requirement for catalytic activity [18]. Site-directed 
mutagenesis of these histidine residues resulted in enzyme in- 
activation [19,20]. In the so-called 'front-end' desaturases 
from plants, animals and fungi, the first histidine in the third 
his-box is also substituted with glutamine. Site-directed muta- 
genesis of this glutamine in the A6-fatty acid desaturase from 
borage resulted in a complete loss of enzyme activity even 
whdn it was replaced by histidine [21], 

We have now assessed the importance of the conserved 
histidine box present in the elongase component, particularly 
the H to Q substitution found in IgASEl of /. galbana. Using 
a polymerase chain reaction (PCR)-based site-directed muta- 
genesis strategy the glutamine in the histidine box of IgASEl 
was converted to histidine, alanine or phenylalanine. Further 
changes generated the HVYHH sequence found in GLELOl 
from Mortierella alpina, which is specific for elongating the 
two A6-desaturated PUFAs, Y-linolenic acid (GLA, C18:3n-6) 
and stearidonic acid (STA, Cl8:4n-3) [II]. 

2. Materials and methods 

2.1. Mutagenesis by PCR 
The amplification of the IgASEl coding region from an /. galbana 
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(o3 (A8) pathway: 

ehJ A8 AS elo2 A4 

18:3n-3 -> 20:3n-3 -> 20:4n-3 20:5n-3 22:5n-3 22:6n-3 
ALA EtrA ETA EPA DPA DHA 

Fig. 1 . Biosynthesis of EPA and DHA via the 0)3 (A8) desaturation pathway by some microalgae. In this pathway, ALA is first elongated by a 
C18-A9-specific fatty add elongase (elol) to C20:3n-3 (EtrA). A AS desaturase is required to add a double bond at the A8 position of the car- 
bon chain to generate C20:4n-3 (ETA). Further desaturation by a A5 desaturase results in EPA (20:5n-3). DHA (C22:6n-3) is the produa of 
one more elongation step (elo2) plus a A4 desaturation step. 



cDNA Hbrary and its cloning into plasmid pCRZl-TOPO (Invitro- 
gen) is described in Qi et al. [15]. To change the his-box from 
QAFHH to HAFHH, first round PCRs were carried out with Pfu 
polymerase (Promega) using primer pairs Ml 3 reverse (universal 
primer located on the vector) with GhiHisFor (5'-C TCC TTT CTC 
CAT GCC TTC CAC CAC-3\ and Ml 3 forward with GlnHisRev 
(5'-GTG GTG GAA GGC ATG GAG AAA GGA GO^. A second 
round PGR, containing 1 ^1 of each of the gel -purified first-round 
products. Ml 3 forward and reverse primers and the Expand High 
Fidelity enzyme (Roche), was used to assemble the mutated IgASEl 
coding region. The same techniques were used to change glutamine 
to alanine (QAFHH AAFHH) or phenylalanine (QAFHH 
FAFHH), alanine/phenylalanine to valine/tyrosine (QAFHH -►Q- 
VYHH) and glutamine/alanine/phenylalanine to histidine/valine/tyro- 
sine (QAFHH HVYHH). The primers used are listed in Table 1 . All 
PGR reactions were carried out under the following conditions: one 
initial denaturation step of 94*C for 3 min; 10 cycles of 94*C for 15 s, 
55'C for 30 s and ITC for 90 s; 20 cycles of 94''C for 15 s» 55°C for 
30 s, and 72°C for 93 s (increasing by 3 s in each successive cycle); one 
final extension step of 72°C for 6 min. 

Second round PGR products were cloned using the TOPO TA 
cloning system (Invitrogen) and the desired base changes confirmed 
by sequencing. Modified IgASEl coding regions were excised from the 
pGR2.1-TOPO vector using Kpnl and EcoKl and ligated into the 
corresponding restriction sites of the yeast expression vector pYES2 
(Invitrogen), downstream of the GALl promoter. Subsequent yeast 
transformation and feeding experiments were performed according 
to Qi et al. [15]. 

2.2. Fatty acid analysis 

Yeast cells were pelleted, washed and dried under a stream of N2, 
Total fatty acids were extracted and transmethylated with methanolic 
HCl. The fatty add methyl esters were analysed by gas chromatog- 
raphy (GQ on a 30 m X 0.25 mm fused silica DB-23 capillary column 
(J&W Sdentific) using heptadecanoic add as internal standard and 
quantified by flame ionisation detection (FID). The chromatograph 
was programmed for an initial temperature of 140'^C for 5 min fol- 
lowed by a 20**C/min temperature ramp to 185''C and a secondary 
ramp of I.5'C/min to 220°C. The final temperature was maintained 
for 2 min. Injector and detector temperatures were maintained at 
230*C and 250°C respectively. The initial head pressure of the carrier 
gas (He) was 90 kPa; a split injection was used. 



3. Results aod discussion 

3,1. Functional analysis of wild-type IgASEl 

Plasmid pY2ASEl contains the IgASEl open reading frame 
(ORE) under the control of the GALl promoter in the yeast 
expression vector pYES2. Transformed yeast cells harbouring 



this plasmid were grown on minimal medium supplemented 
with LA and ALA to compensate for the lack of endogenous 
substrates for the C18-A9-specific elongase. After 48 h the 
fatty acid elongation products a)6-eicosadienoic acid (EDA, 
20:2n-6) and EtrA (20:3n-3) accumulated to 13.6 and 14.8 
mol% of total fatty acids, representing some 55 and 48% con- 
version of C18:2n-6 and C18:3n-3 to C20:2n-6 and C20:3n-3. 
respectively (Table 2). These data are consistent with our pre- 
vious assays [1 5], where we also showed no elongase activity 
with GLA (20:3n-6) and clearly demonstrate, therefore, that 
the IgASEl gene encodes a Cl8-A9-specific PUPA elongating 
activity. 

3.2. Mutagenesis of the IgASEl his-box 

Glutamine in the IgASEl his-box was replaced by histidine, 
alanine or phenylalanine, and the mutant proteins were as- 
sayed for activity in transformed yeast. Table 3 shows that 
all the substitutions resulted in lower elongase activity, 
although complete inactivation was never achieved. The great- 
est activity was obtained with the alanine substitution, where 
more than 70% of the original enzyme activity was retained. 
The phenylalanine substitution had the lowest (but still mea- 
surable) activity, whilst the histidine substitution resulted in 
an activity that was some 50% of the control value. The glu- 
tamine residue in the histidine box thus appears to be essential 
for optimiun enzyme catalysis, although its substitution did 
not result in complete enzyme inactivation. This is in contrast 
to the effect of similar mutagenic changes to the glutamine 
residue in the third his-box of a A6 desaturase from borage, 
which resulted in complete loss of enzyme activity [21], Step- 
wise mutagenesis was also performed to change residues in the 
IgASEl his-box (QAFHH) to match those found in the con- 
sensus his-box sequence of several other PUFA-specific elon- 
gases, including that of the GLA-specific elongase GLELOl 
from Mortierella (HVYHH) (Fig. 2). The double mutant, in 
which the middle two amino acids alanine and phenylalanine 
in the histidine box were converted to valine and tyrosine but 
with the glutamine remaining unchanged (QAFHH -> Q- 
VYHH), reduced the activity to less than 30% of the wild- 
type activity. The triple mutant, in which the first three amino 
acids in the histidine box, QAF, were replaced by HVY 
(QAFHH -►HVYHH), had less than 10% of the wild-type 



IgASEl 
GLELOl 
HELOl 
PSEl 

F56H:1.4 




Fig. 2. Alignment of 'his-box' regions of the predicted protein sequence of /. galbana IgASEl [15] with sequences predicted from other known 
PUFA-spedfic elongating activity genes. GLELOl is from Mortierella alpina [11]; HELOl [12] is from human; PSEl is from Physcomitrella 
patens F56H11.4 is from Caenorhabditis elegans [13]. 
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Table 1 

Oligonucleotide primers used in PCR reactions to construct site-di- 
rected mutants of IgASEl/pCR2.1-TOPO 



MutBtioD 


OligonucleoUde sod amino acid sequences 


His-box 




5'-C TCC TTT CTC CAT GCC TTC CAC CAC-3' 
SF L H A FHH 


HAFHH 




5*- C TCC TTT CTC GCG OCC rrC CAC CAW 
SF L /4AFH H 


AAFHH 




5*^jG GTC TCC nr CTC TTC GCC TTC CAC CAC TTT G-3' 
VSFLFAFHHF 


FAFHH 


AF— VY 


3 '-TTT CrC CAG GTC TAC CAC CAC TTT G-3* 
FLO V T H H T 


OVYHH 


OAF— HVY 


5*-TTTCrC CAT GTC TAC CAC CAC TTT Q-3' 
FLfl^FyHHF 


HVYHH 



The changed nucleotide bases are indicated by bold type, and the 
corresponding amino acids are indicated by bold, italic type and 
underlined. The mutated ORFs were confirmed by sequencing. The 
plasmids were cloned into pYES2 and the resulted constructs were 
used for yeast transformation and feeding experiments. 



activity. These results suggest that interactions between the 
glutamine and its adjacent amino acids are important for 
maximising enzyme activity. The various his-box-mutated 
constructs were also expressed in the presence of numerous 
other exogenous fatty acid substrates including GLA, STA 
and EPA, but no elongation products were observed (data 
not presented). 

The results suggest that the his-box is important for catal- 
ysis and that all the differences between the his-boxes of other 
elongases and IgASEl are required for optimum enzyme ac- 
tivity. However, the elements required to regulate substrate 
specificity remain to be identified. 
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Table 2 

Elongation products of different fatty acid substrates supplied to yeast cells transformed with the empty vector pYES2 and pY2ASEl 
Fatty add Mol% of total fatty acids 

pYES2 pY2ASEl 



-substrate +LA (18:2n-6) +ALA (18:3n-3) -substrate +LA (18:2n-6) +ALA (18:3n-3) 



16:0 


27.0 


27.0 


24.7 


24.5 


23.2 


22.2 


16:ln-9 


41.7 


35.1 


30.1 


43.4 


32.3 


24.1 


18:0 


6.0 


5.7 


5.0 


5.8 


5.3 


5.0 


18:ln-9 


25,3 


22.3 


18.4 


26.2 


14.6 


18.1 


18:2n-6* 




lO.O 






11.0 




18:3n-3* 






21.8 






16.3 


20:2n-6 










13.6 




20:3n-3 












14.8 


Elongation (%) 


0 


0 


0 


0 


55.3 


47.6 



Exogenous fatty acids supplied as substrates for elongation are indicated by an asterisk. The values given are expressed as mol% of total fatty 
add methyl esters identified by GC and FID. In the case of elongated substrates, this is also expressed as a per cent elongation (product/pro- 
ducl+substratex 100). Expression of the IgASEl transgene was induced by the addition of galactose to yeast cultures. Only CI 8 substrates 
with a double bond at the A9 position were elongated by IgASEl. All values are the means of triplicates from three separate experiments. 



Table 3 

Relative conversion of exogenously supplied LA (C18:2n-6) and ALA (C18:3n-3) by wild-type and mutant IgASEl expressed in yeast 



Mutation 


IgASEl 


GlnHis 




GhiAla 




GhiPhe 




HeloGln 


HdoHis 




(QAFHH) 


(Q-H) 




(Q-A) 




(Q-F) 




(AF-^VY) 


(QAF-HVY) 


Exogenous fatty acids 


+18:2 +18:3 


+ 18:2 


+18:3 


+ 18:2 


+18:3 


+ 18:2 


+ 18:3 


+18:2 +18:3 


+ 18:2 +18:3 


Conversion (%) 


55 48 


31 


20 


42 


33 


3.3 


1 


15 84 


54 2.7 


% IgASEl 


100 100 


61 


42 


76 


69 


6 


2.1 


27 17.5 


9.8 5.6 
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A 5-bp deletion in EL0VL4 is associated with two related 
forms of autosomal dominant macular dystrophy 

Kang Zhang^*^^ Marina Kniazeva^, Min Han^, Wen Li^, Zhengya Yu^ Zhenglin Yang^ Yang Li^ Michael L. 
Met2ke^^ Rando Allikmets^ Donald J. Zack^^^ Laura E. Kakuk^, Pamela S. Lagali^ Paul W. Wong^»^'i°, Ian M. 
MacDonald^'*^ Paul A. Sieving^, David J. Figueroa^ Christopher R Austin^ Robert J. Gould'*, Radha 
Ayyagari^ & Konstantin Petrukhin^ 



Stargardt-Mke macular dystrophy (STGD3, MIM 600fl0) and 
autosomal dominant macular dystrophy (adMD) are inher- 
ited forms of macular degeneration characterized by 
decreased visual acuity, macular atrophy and extensive fun- 
dus flecks^~^. Genetic mapping data suggest that mutations 
in a single gene may be responsible for both conditions, 
already known to bear clinical resemblance'*'^. Here we limit 
the minimum genetic region for STGD3 and adMD to a 0.6- 
cM interval by recombination breakpoint mapping and iden- 
tify a single 5-bp deletion within''the protein*codtng region 
of a new retinal photoreceptor-specific gene, ELdVL4, in all 
affected members of STGD3 and adMD families. Bioinfor- 
matic analysis of ELbVL4 revealed that it has homology to a 
group of yeast proteins that function in the biosynthesis of 
very long chain fatty acids. Our results are therefore the 
first to Implicate the biosynthesis of fatty acids in the 
pathogenesis of inherited macular degeneration. 
We initially studied three independent United States kindreds 
with autosomal dominant Stargardt-like macular dystrophy char- 
acterized by bilateral, symmetric, atrophic lesions in the macula 
and by the frequent presence of yellow fundus flecks (Fig. 1 ). A 
genetic linkage analysis placed the disease gene in all three families 
to the known STGD3 locus on chromosome 6ql4 (refe. 1,2). We 
refined the position of the STGD3 locus by meiotic breakpoint 
mapping and limited the critical region to an approximately 1.8- 
cM interval between markers D6S1622 and D6S391 (Fig. 2). To 
further reduce the minimum genetic region, we recruited a five- 
generation family with STGD3 from Canada^, as well as an inde- 
pendent five-generation US family with adMD (ref. 3). Genetic 
linkage and haplotype analyses performed in both families were 
previously reported^'^ and confirmed the localization of disease 
loci to the STGD3 interval on chromosome 6ql4 (refe. 1,2). Com- 
parison of disease haplotypes revealed that all affected members 
in the five independent families with STGD3 and adMD shared a 
common founder haplotype between markers D6S162S and 
D65i 644, indicating a single, ancestral, disease-specific mutation. 
A recombination event in individual V-14 from family UM:H785 
(ref. 3) at marker D6S460 identified the centromeric boundary of 
the critical interval, thus limiting the minimum genetic region to 
a 0.6-cM interval between markers D6S460 and D6S39L To iden- 
tify candidate genes in the D6S460-D6S391 interval, we analyzed 
the DNA clones derived from the inclusive Sanger Centre contig 
Chr_6ctgl6. BLASTN analysis of DNA sequences from PAC 



clones covering the region revealed the presence' of two candidate 
genes (C6orf7 and BCKDH), in which we did not find amino-acid 
changing or splice-site mutations. Realizing that some retina-spe- 
cific genes might not be represented in the EST database, we 
broadened our search for candidate genes by comparing the DNA 
sequence we obtained from PAC clones with GenBank protein 
entries using a BLASTX algorithm. This comparison revealed two 
potential exons in PAC dJ92C4 whose DNA sequences, \s^en 
translated, showed homology with the members of the yeast ELO 
family, known to be involved in the biosynthesis of fatty acids^. 
Absence of amino-acid changing or splice-site mutations from 
C6orf7 and BCKDH indica,ted this new candidate gene, EL0VL4 
(for elongation of very long chain fatty adds), as the most likely 
candidate for STGD3 and adMD. Complete sequencing of 
EL0VL4 cDNA revealed that it encodes a putative protein of 314 
amino acids (Fig, 3) with approximately 35% amino acid identity 
to members of the ELO gene family in yeast (which encode com- 
ponents of the membrane-bound fatty acid elongation system^). 
Several other members of this gene family have been found in 
rodents^'^, in which they were shown to be necessary for fatty add 
chain elongation^. Human EL0VX4 contains all^ three features 
typical for members of the ELO fiamily: a hydropathy plot that 
predicts five transmembrane segments (Fig. 3fc); a single HXXHH 
motif identified with fatty acid desaturase and other dioxy iron 
cluster proteins^; and a strong signal (dilysine motif with the 
lysines at positions -3 and -5 relative to the carboxy terminus) 
shown to be responsible for the retention of transmembrane pro- 
teins in the endoplasmic reticulum^^^ the known site of biosyn- 
thesis of fatty adds with very long chains^^ We identified a mouse 
ortholog of human EL0VL4 (92% amino add identity) after 
extending a single mouse skin EST (Fig. 3a). 



Fig. 1 Fundus photo- 
graph from a STGD3 
patient with a visual 
acuity of 20/240 show- 
ing a large area of 
macular atrophy with 
charaaeristic yellow 
flecks surrounding the 
region of atrophy. 
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Ffg. 2 Physical map of the 
STGD3/adMD gene region, a. The rel- 
ative position of the marker tod in the 
STGD3/adMD gene region, b. A par- 
tial contig of overlapping PAC and 
BAC clones from the disease gene 
region. Contig Oir6_6ctgl6 was 
downloaded from the Sanger Centre 
web site, c Position of seven candi- 
date genes (shown as green rectan- 
gles) from the disease gene region 
which were analyzed for disease-asso- 
ciated mutations at different stages 
of the positional cloning project 
KCNQ5 (a member of the voltage- 
gated potassium channel gene fanr>- 
lly), A2M2 (a member of the 
a2-macroglobuiln gene family) and 
SLC17AS (a member of the sodium- 
phosphate cotransporter gene family) 
are the genes identified by direct 
sequencing of PAC141B1. BAC90P23, 
BAC39O10 and PAC202M22 clones. 
IMPGI designates the interphotore- 
ceptor matrix proteoglycan- 1 gene 
previously mapped to the STGD3 
region. BCKDH indicates a gene 
encoding the El ^ubunit of 
branched chain a-ketoacid dehydro- 
genase which maps to PAC dJ279A1 from 6q,'but was incorrectly assigned to 6p21-p22 in the literature. BCKDH was previously implicated In maple syrup urine 
type 1B disease (MIM 248611). C6orf7 designates a four-exon candidate gene residing on PAC dJ159G19 which was assembled after performing a series of 5'- 
RACE reactions on two overlapping ESTs. d, Exon organization of the STGD3/adMD disease gene (flOW.4). Exons are depicted as rectangles; sizes of introns are 
indicated above the solid line. The locations of the ATG initiating codon and two alternative polyadenylation signals of EL0VL4 are also shown. The distance 
between the genetic markers and sizes of PAC clones, exons and introns are not drawn to scale. 
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Northern-blot hybridization of an EL0VL4 cDNA probe to 
human retina mRNA showed specific and abundant transcrip- 
tion of a 2.9-kb band. We found approximately 90% lower 
transcription in human brain and no detectable EL0VL4 
mRNA in the ARPE-19 cell line (derived from cells of the reti- 
nal pigment epithelium; Fig. 4a). RT-PCR analysis (Fig 4fe,c) 
with gene-specific primers confirmed the retinal specificity of 
EL0VL4 mRNA expression. To determine the cell-type speci- 
ficity of EL0VL4 expression in the retina, we carried out in situ 
hybridization on rhesus monkey and mouse retinal sections. 

a 
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We detected strong uniform signal in the photoreceptor layer 
of both species (Fig. 5), particularly in the region correspond- 
ing to the photoreceptor inner segments. These results show 
that in the adult retina EL0VL4 is expressed exclusively in pho- 
toreceptor cells. Given that we observed EL0VL4 expression in 
most photoreceptor cells of the rod-dominarrt 'monkey and 
mouse retinas, but also detected its expression in cone pho- 
toreceptors (Fig. 5a, arrowheads), it is reasonable to conclude 
that, similar to the recessive Stargardt-disease gene^^"*^, 
ELOVL4 is expressed in both rod and cone photoreceptors. 



b 




Fig. 3 Comparison of human ELOVL4 and mouse Elovl4 protein sequences with 
the product of the yeast EL03 gene, Elo3p (a), and hydropathy profile analysis 
of the EL0VL4 and Elo3p proteins (6). a. Five putative transmembrane domains 
are underlined. Vertical arrowheads indicate boundaries between exor^ 1-6 in 
BL0VL4. Conservative and identical residues are indicated in yellow and pink, 
respectively. Carboxy-terminal di lysine signal responsible for retention in endo- 
plasmic reticulum and the dioxy iror>-btnding HXXHH motif are indicated 
above the protein sequence. The truncated C terminus caused by the S-bp dele- 
tion in EL0VL4 is shown (bold and italics) above the human EL0VL4 sequence. 
b, Comparison of the EL0V14 and Elo3p hydropathy profiles. Five regions 
above the horizontal bars are predicted to span the membrane according to 
the algorithm of Kyte and Doolittle^. EL0VL1. BiOVl2 and ELOVU are yet to 
be cloned human orthologs of mouse Elavil, BloviZ and £lovl3. formerly 
known as Ssci, Ssc2 and Cig30. respectively^^- ELOVL4 exhibits 35% amino acid 
identity to Elovll, 40% identity to Elovl2 and Elovl3, and 92% identity to its 
ortholog Elovl4. 
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V^e pursued mutation analysis of the candidate gene in four 
STGD3 kindreds and one family with adMD. We used flanking 
intronic primers to amplify and sequence all six exons of the 
candidate gene fram several unaffected and heterozygous 
affected individuals. DNA sequence analysis revealed a 5-bp 
deletion in exon 6 (Fig. 6a) starting at position 797 of the 
EL0VL4 cDNA (designated 797-801delAACTT). The deletion 
results in a frameshift, loss of a fragment of 51 amino acids at 
the C terminus including a dilysine targeting signal, and syn- 
thesis of an aberrant peptide from amino acid 264 to 271, fol- 
lowed by a premature stop codon. We tested for the presence of 
797-80 IdelAACTT in all members of five families by direct 
sequencing. The deletion was present in all affected individuals 
who inherited the founder haplotype (a total of 76 chromo- 
somes in 5 families) and was absent from unaffected relatives 
(Fig. 6a-d). Consistent with the fact that 797-80 IdelAACTT is 
not a common polymorphism, we did not find this allele in any 
of the normal chromosomes from 50 unrelated individuals of 
predominantly European descent. Moreover, this mutation 
was absent from 243 controls and 245 AMD individuals consti- 
tuting a described clinical sample 

We were not able to limit the minimum genetic region to an inter- 
val entirely contained within EL0VL4, Therefore, we cannot exclude 
the possibility of a disease-causing mutation in an adjacent gene 
witWn the 0.6-cM interval; however, linkage disequilibrium between 
the STGD3/adMD phenotypes and the 797-801deL\ACTT variant 
(absent fixim >1,100 non-STGD3/adMD alleles), photoreceptor 
specificity of EL0VL4 expression in the eye and the severe character 
of the mutation (deletion of the C-terminal portion diat includes a 
putative targeting signal, KXKXX, required for reteiltion of trans- 
membrane proteins in ER; refe. 9-1 1 ) indicate that 
797-80 IdelAACTT is the disease-causing mutation. To bolster this 
argument, we analyzed the only other two potential candidate genes 
found in the D6S460-D6S391 interval (C6or/7 and BCKDH; Fig. 2), 
and did not detect amino-add changing or spUce-site mutations in 
these two genes. Bioinformatic analysis confirmed EL0VL4 as a can- 
didate gene; based on structural and topological similarities between 



Fig. 5 /n situ hybridization of £iOVL4 mRNA in rhesus monkey {a,b) and mouse 
(c-f) retina. Specific expression is seen in the photoreceptor layer, a, Antisense 
probe, with signal seen as red fluorescence; retinal cell nuclei are visualized 
with blue DAPI counterstaln; cone photoreceptors are indicated by two arroW' 
heads, b. Sense control probe, showing no signal, c Antisense probe on mouse 
retina; boxed region is seen at higher magnification in (d). e. Inner mouse 
retina not visible in (c), demonstrating lack of Elovl4 mRNA expression in any 
layer outside the photoreceptor layer, f, Sense control probe for (c-e), showing 
no signal. RPE, retinal pigment epithelium; OS, outer segments of photorecep- 
tors; IS, inner segments of photoreceptors; ONL. outer nuclear layer; OPU outer 
plexiform layer; INL, inner nuclear layer; IPL. inner plexiform layer; GCU gan- 
glion celt layer. 



Fig. 4 Expression analysis of ELOVLA. a. Northern-blot analysis of the disease 
gene expression. The size of the predominant transaipt in the retina (2.9 kb) is 
consistent with'the size of the cloned cDNA. A faint band of 2.0 kb expressed in 
the retina may represent the product of alternative polyadenylation, as the 3' 
UTR of the EL0VL4 mRNA contains 2 consensus polyadenylation signals 
(AATAAA) located at positions 2,043 and 2,858, respectively. Hybridization of 
the cONA probe to commercially available multiple tissue northern blots corv- 
firmed the presence of the 2.9-kb transcript in total brain mRNA, but not in 
other tissues present on the blot (data not shown). RT-PCR amplification of the 
disease gene (b) and control GAPDH fragment (c) was carried out on cDNA 
samples from indicated human tissues and ARPE-19 cells line derived from the 
cells of the retinal pigment epithelium. After 15 cycles of touchdown PCR, the 
reaction was allowed to proceed for 15 additional cycles. 



EL0VL4 and members of the ELO family from yeast^ and mice^*^, it 
seems reasonable to suggest that EL0VL4 represents a photorecep- 
tor-specific component of the fatty add elongation system residing 
on the endoplasmic reticulum. Biosynthesis of docosahexaenoic 
acid (DHA), which contains 22 carbon atoms and represents 
approximately 50% of the fetty adds in ROS phospholipids^^, 
requires dietary consumption of the essential a-linolenic add and a 
subsequent series of three elongation steps EL0VL4 may be 
involved in one of the three elongation steps required for DFIA 
biosynthesis. The 797-80 IdelAACTT mutation would likely result 
in a defidency in very long chain forty adds within the retina. 
Recent data indicate that activit)^ of ABCR (the product of the reces- 
sive Stargardt macular dystrophy gene, ABCA4, that functions as an 
outwardly directed flippase for removal of N-retinyliden-phos- 
phatid}dethanolamine^**^) is strongly dependent on a lipid envi- 
ronment^, so the role of EL0VL4 in lipid biosynthesis might help 
to explain the phenotypic similarities between recessive and domi- 
nant forms of Stargardt macular dystrophy. The most immediate 
benefit from isolating the gene responsible for two dominant forms 
of macular dystrophy is clarification of the pathogenic mechanisms 
involved in maailar degeneration. Although disease genes responsi- 
ble for four other forms of inherited maculardystrophies have been 
identified*^'^^^^, our results are the first to implicate the biosynthe- 
sis of fetty adds in the pathogenesis of at least two related forms of 
macular degeneration. 
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Fig. 6 Segregation of the 797-801 del AACT mutation In families 
with the STGD3 (a-c) and adMD (d) phenotypes. a, Sequence of exon 
6 in a small branch of family C Affected mother and daughter are 
heterozygous for mutant and wild-type alleles, whereas the unaf- 
fected father and son are homozygous for the wild-type allele. The 
nucleotide sequences and translations are shown above the direct 
sequencing traces from amplified exon 6. The deletion of five 
nucleotides (shown in bold) causes a frameshlft that results in a pre- 
mature stop codon. To verify results of heterozygous sequencing, we 
Inserted the PCR products from affected individuals into a cloning 
vector and confirmed the presence of the 5-bp deletion in 6 of 11 
independent clones by sequence analysis, b-d, Co-segregation of the 
797-801 del AACr mutation in branches of families D, A and 
UM:H785, respectively. PCR products were resolved by running a 4% 
low gelling temperature agarose gel for 16-20 h (b,c) or a 6% acry- 
lamide gel id). The affected individuals who are heterozygous for 
the 5-bp deletion have 2 PCR bands, whereas normal individuals 
have only 1 band of 106 bp. 



Methods ' , 

cDNA cloning and exon/intron organization of EL0VL4. We com- " 
pared DNA sequences of 1 1 fragments from PAC dI92C4 generated 
in Phase 1 High Throughput Genome Sequence Projett with Gen- 
Bank database protein entries using the BLASTX algorithm. This 
comparison revealed the presence of two potential exons of 
ELOVL4 (exons 2 and 4}. To identify additional exons that may be 
located between exons 2 and 4, fonvard and reverse PCR primers 
from these exons were synthesized and used to PCR-amplify 
ELOVL4 cDNA fragments -^m human retina "Marathon-ready" 
cDNA (Clontech). In thi7RT-PCR experiment, we used a forward 
primer from exon 2 (5'-GTGTGGAAAATTGGCCTCTG-3') and a 
reverse primer from exon 4 (5'-GTCCTCCT(SCAACCCAGT- 
TA-3'). The assembly of the DNA sequence results of this PGR 
product revealed the presence of exon 3. We compared the DNA 
sequence of exon 4 with the EST database using the BIASTN algorithm to 
identify additional cDNA sequences. This analysis identified a mouse skin 
EST (AA791133) with very high degree of similarity to exon 4 of human 
EL0VL4. We compared the DNA sequence of EST AA791133 with the 
genomic sequence of PAC dJ92C4. Despite the differences between the mouse 
and human sequences caused by evolutionary divergence, we detected two 
additional human exons within PAC dJ94C4: exons 5 and 6. To verify the 
exonic composition of the cDNA, we used forward and reverse ?CR primers 
from exon 2 (5'-GTGTGGAAAATTGGCCTCTG-3') and exon 6 
(5'-GTCAACAACAGrrAAGGCCCA-3') to PCR-amplify a EL0VL4 cDNA 
fragment from human retina "Marathon -ready" cDNA library (Qontech). 
The DNA sequence of this PCR product provided confirmation of the cDNA 
sequences that we assembled from EL0VL4 exons, and corrected the sequenc- 
ing errors present in the database entry for PAC dJ92C4. To identify the 5' and 
3' ends of the cDNA, we carried out RACE using the **Marathon- ready" 
RACE template from human retina. The assembly of the DNA sequence 
results of these PCR products produced a complete cDNA sequence of the 
candidate gene (a total of 2,900 bp, including 147 bp of the 5' UTR followed 
by a 942 -bp ORF). DNA sequencing of the mouse skin cDNA clone (INCAGE 
1229776) revealed the sequence of the mouse EhvU cDNA fragment contain- 
ing exons 4-6. We determined the DNA sequence of the full-length mouse 
EhvU cDNA after performing a round of 5'-RACE using the "Marathon- 
ready" RACE template from mouse testis (Qontech). 

Genomic sequencing and bioinfonnatic analysis. We performed DNA 
sequencing of PAC141B1, BAC90P23, BA09010, PAC202M22 and 
PAC251H1 clones (a total of 497,59 1 bp of assembled DNA sequence, Fig. 2) 
as described^"*. We downloaded the DNA sequences of PAOBAC clones 
constituting the Chr_6chgl6 contig from The Sanger Centre web site 
(http://www.sanger.acuk/HGP/Chr6/) and estimated the size of the mini- 
mum genetic region to be within the 400-600-kb range, BLAST analysis of 
DNA sequences from PAC clones covering the region revealed 14 EST 
groups. We rejected 12 of 14 EST clusters because they did not contain an 
identifiable ORF, polyadenyladon signal, at least 2 exons, or they were not 
expressed in the retina. One of the two remaining EST clusters contained a 
known gene encoding the El p-subunit of branched chain a-ketoacid dehy- 
drogenase, BCKDH, whereas the second cluster, termed C6orf7, contained 
two overlapping ESTs (rot in a -specific /VA774200 and A1631615). which rep- 
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resented three exons on PAC dJ159G19 with no identifiable homology. We 
screened BCKDH for coding sequence mutations by direct sequencing of its 
11 exons and did not find sequence variations in index patients with 
STGD3. After performing a series of 5 '-RACE reactions,^ vye were able to 
extend the cDNA sequence from the C6orf7 duster and assembled a 4-exon 
candidate gene residing on PAC dJ159Gl9. We were unable to find amino- 
add changing or splice-site mutations in this gene alter sequencing the 
exons amplified from the DNA of index patients with STGD3. 

Family material and linkage analysis. Each participant of five European hm- 
ilies (A, C D, STGD3/Canadian and UM:H785) under^vent a detailed oph- 
thalmologic examination induding a visual acuity measurement and a dilat- 
ed ophthalmoscopic examination. We made a diagnosis of Stargardt-Uke 
macular dystrophy in frimilies A, C and D based on decreased visual acuity 
and characteristic fundus appearance. Diagnostic criteria and genetic char- 
acterization of families UM:H785 and STGD3/Canadian were described^**. 
Two-point linkage analysis in the 5 families using the marker D6S460 yielded 
a maximum lod score of 9.66 (family A), 4.36 (family C), 4,42 (family D) and 
3.34 (STGD3/Canadian) at 9=0 and 3.5 at 9=0.1 in l^l:H785. The number 
of family members used in linkage analysis and which were screened for a 
mutation in EL0VL4 was (total/affected individuals) 46/26 for family A, 
19/12 for family C, 20/11 for family D> 23/11 for STGD3/Canadian family 
and 39/16 for UM:H785. Family D overlaps with a previously reported 10- 
generation STGD3 pedigree^. Family A represents a described 4-generation 
pedigree with the reported linkage to chromosome 13q34 (Zmax=4.6 at 
9=0.15 with D13S71; ref. 27). Additional clinical studies of children who 
were initially too young to establish a diagnosis and subsequent genetic link- 
age (Zma:;=9.66 at 9=0 with D6S460) and haplotype analyses placed the dis- 
ease gene responsible for the Stargardt-likc phenot>'pe in this family to the 
STGD3 locus on human chromosome 6ql4, thus eliminating the locus fr>r 
autosomal dominant Stargardt-like phenotype on I3q34. 

Mutation analysis. We PCR-ampiified genomic DNA from STGD3/adMD 
patients and normal controls using oligonucleotide primers for intronic 
sequence spaced 30-50 bp from exon/intron junctions. We used the follow- 
ing primer pairs for amplification of STGD} exons: exon 1, 5'-TCT 
CrCTGGGTCTCCGCrT-3'. 5'-GAGGGGAGGCCTTAACATTC-3'; 
exon 2, 5*-AGCCACTTGCACCAGTCAGT-3'. 5 -TGATGGTTTTACA 
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CATTCTCAI'ri'ir-3'; exon 3. 5'-AGCAATCGGAATGCATGAAA-3', 
5'-nTTCACAGACTGGGGCCTA-3'; cxon 4, 5 -TCCATGCCTTGTA 
CATTTTGTG-3', 5'-GCGGATCACAAGGTCAAGAG-3'; exon 5, 5'-ACA 
TCTCAGTGGCTTACTGCCT-3', 5'-GAAAATTGTCTAAAATGACATTG 
CAC-3'; cxon 6, 5'-GAAGATGCCGATGTTGTrAAAAG-3'. 5'-GTCAA * 
CAACAGTTAAGGCCCA-3'. The primer pair 5'-<K>ATArTCCCCAA 
ATGGATGCACTGG -3' and 5'-TTGCGGCCGCnAGGCTCTTTGTATG 
TCCGAAT-3' was used to amplify a fragment of exon 6 shown in Fig. 6b-d. 
We amplified DNA (50-100 ng) using Taq Gold polymerase (Perkin Ehner 
Cetus) and a modified touch-down protocol^* in a total volume of 50 \iL 
Modified PGR reactions for exon 1 included 10% DMSO. We excised ampli- 
fication bands from 2% agarose geUt purified them using QlAquick spin 
columns (Qiagen), and sequenced the DNA using ABI dye-terminator 
sequencing kits. To assess the degree of polymorphisms in ELOVL4, we 
screened its entire coding sequence by dHPLC analysis in 30 control indi- 
viduals (100 alleles) of predominantly European descent Two frequent sin- 
gle- nucleotide polymorphisms (SNPs) were detected: one, in the second 
intron of EL0VX4 (IVS2-99T->C), was present in 16% (8/50) of the control 
sample; the other, 920A— >G, resulting in a Met299Val change, was found in 
18% (9/50) of controls. Both variants were absent from all 76 disease chro- 
mosomes segregating in 5 STGD3/adMD families. 

Northern-blot hybridization and RT-PCR. We amplified a 742-bp 
cDNA fragment from "quick-clone" retinal cDNA (Clontech) with 
primers 5'-GTGTGGAAAATTGGCCTCTG-3' and 5'-CATGGCTGTT 
TTTCCAGCTT-3', purified it on an agarose gel, and labeled the frag- 
ment by random priming with the Rediprime kit (Amersham) in the 
presence of 3,000 Ci/mmole [a- ^-PjdCTP (50-100 ^Ci; Dupont/NEN). 
We incubated the radiolabeled probe at a concentration of greater than 
1x10^ c.p.m./ml in rapid hybridization buffer (Clontech) for 1 h at 65 '*C 
with human multiple-tissue Northern I (Clontech), and with a custom- 
made blot containing human retina, brain and ARPE-19 poly(A"'') RNA 
(FRP Grating). We exposed the northern blots to X-ray film or to a Phos- 
phoimager screen for 2-48 h with subsequent quantification of 
hybridization signals. We performed RT-PCR experiments on "quick- 
done" human cDNA samples (Clontech). After 15 cycles of touch-down 
PGR (ref. 28), we allowed the reaction to proceed for additional 15 cycles. 

In situ hybridization for ELOVL4 mRNA. We ligated a 210-bp human 
cDNA probe specific for ELOVL4 (coordinates 561-771 of the ELOVL4 
cDNA) to the pCRl l-TOPO-Script vector (Stratagene). We linearized the 
plasmid with either Hindlll or Notl to create template DNA- We used SP6 
and T7 polymerases with Biotin RNA Labeling Mix (Boehringer) to in vit- 
ro transcribe antisense and sense riboprobes, respectively. We prepared in 
situ probes specific for the mouse Elovl4 in the same manner after lineariz- 
ing the pBluescriptSK(-)-based IMAGE done 1229776 with Noti and 
XpnI. We carried out in situ hybridization as desaibed^**^'. 

GcnBank accession numbers. EL0VL4 cDNA, AF277094; mouse Elovl4 
cDNA, AP277093; EL0VL4 exons 1-6, AF279649, AF279650, AF279651, 
AF279652, AF279653, AF279654; PAC dJ92C4. AL132875. 
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Abstract Isochrysis galbana, a marine pryninesiophyte micro- 
alga, is rich in long chain polymisatorated fatty adds such as 
docosahexaenoic acid (C22:6n-3, a"*'''^**'^^*^*-^*). We used a 
polymerase chain reaction-based strategy to isolate a cDNA, 
designated IgASElj encoding a polymisatnrated fatty add- 
dongating activity from /. galbana. The coding region of 263 
amino adds predicts a protein of 30 kDa tliat shares only limited 
homology to animal and fungal proteins with dongating activity. 
Functional analysis of IgASEly by expression in Saccharomyces 
cerevisiae^ was used to determine its activity and substrate 
specifidty. Transformed yeast cells specificaUy dongated the 
Cl^A^ polyunsaturated fatty adds, linoleic add (C18:2n-6, 
A^'*^) and Orlinolenic add (C18:3n-3, A* *^*^), to eicosadienoic 
acid (C20:2n-6, A"'^^) and eicosatrienoic acid (C20:3n-3, 
^11,14,17^^ respectivdy. To our knowledge this is the Grst time 
such an dongating activity has been functionally characterised. 
The results also suggest that a major route for eicosapentaenoic 
add (C20:5n-3, a^*^^'*^ ") and docosahexaenoic add syntheses 
in /. galbana may involve a A^ desaturation pathway. © 2002 
Federation of European Biochemical Sodeties. Published by 
Elsevier Sdence B.V. All rights reserved. 

Key words: Isochrysis galbana; Polyunsaturated fatty adds 
(PUFAs); cDNA; Fatty add elongating activity 



1. Introduction 

In humans, 0)6 (n-6) and ©3 (n-3) long chain polyunsatu- 
rated fatty adds (PUFAs) are obtained directly from the diet 
or synthesised from dietary linoleic add (LA, C18:2n-6, A^'*^) 
and a-linolenic acid (ALA, 18:3n-3, A^'*^'*^), respectively. 
Long chain PUFAs such as arachidonic acid (AA, C20: 



♦Corresponding author. Fax: (44)-l 17-9257374. 

E-mail address: a.k.stobart@bristol.ac.uk (A.K. Stobart). 

^ The nucleotide sequence reported in this paper has been submitted 
to the GenBank®/EBI Data Bank with accession number AF390I74. 

Abbreviations: AA, arachidonic add; ALA, a-Iinolenic add; DGLA, 
dihomo-'y-linolenic add; DHA, docosahexaenoic add; EDA,.a)6-eico- 
sadienoic add; EPA, eicosapentaenoic add; ETA, dcosatetraenoic 
add; ETrA, toS-eicosatrienoic add; GLA, y-linolenic add; LA, lino- 
leic add; STA, stearidonic add; GC, gas chromatography; MS, mass 
spectroscopy; PUFA, polyunsaturated fatty add 



4n-6, A^'*'"'*"^), eicosapentaenoic acid (EPA, C20:5n-3, 
^5,8,11.14,17) docosahexaenoic acid PHA, C22:6n-3, 

^4,7,10,13,16,19) are considered important as structural compo- 
nents of membrane giyceroUpids and as precursors of the 
eicosanoids, including the biologically active prostaglandins 
and leukotrienes [1]. AA and DHA are of spedal importance 
m the brain and blood vessels, and are considered essential for 
pre- and post-natal brain and retinal development [2], Certain 
human medical conditions may be related to an imbalance in 
the intake and/or metabolism of the 0)3 and 0)6 PUFAs re- 
sulting m some dysfunction in eicosanoid metabolism [3]. The 
diet of most modem sodeties is nowadays relatively low in 0)3 
PUFAs with a concomitant increased level of o)6 PUFA in- 
take, largely resulting from a preference for plant-seed oils 
and food products from intensively bred animals. The 0)3 
PUFAs, EPA and DHA, for example, are usually obtained 
from fish oils and other marine organisms, and their con- 
siimption has decreased significantly in recent years [3]. There 
is therefore interest in obtaining them from other sources and 
particularly in genetically engineering the potential to syn- 
thesise such products in agronomically important oil seed spe- 
des. 

The conversion of dietary LA and ALA to long chain PU- 
FAs requires further desaturation and elongation reactions, 
possibly as depicted in Fig. 1. The conunon route is that 
both LA and ALA are first desaturated by a A^ desaturase, 
then a chain-elongating system adds two carbons to the hy- 
drocarbon chains, followed by a further desaturation to yield 
AA and EPA, respectively [4,5]. These two pathways are re- 
ferred to here as the 0)6 (A^) and 0)3 (A^) pathways, since the 
first step involves desaturation. However, recent evidence 
suggests that alternative modes of synthesis may exist in some 
organisms. For example, the production of long chain PUFAs 
could involve a desaturation step, and a A^ desaturase gene 
has been isolated from Euglena [6]. Such biosynthetic path- 
ways would require the initial elongation of 18:2n-6 and 
18:3n-3, rather than desaturation, produdng eicosadienoic 
add (EDA, C20:2n-6, A"'*"^) and dcosatrienoic add (ETrA, 
C20:3n-3, A*^'*"***'), respectively. A^ desaturase activity would 
then yield dihomo-'^Hnolenic acid (DGLA, C20:3n-6, A^^^^*'"*) 
and eicosatetraenoic add (ETA, C20:4n-3, a^**^'*^'^') for sub- 
sequent conversion to AA and DHA (Fig. 1). To distinguish 
these modes of synthesis from the previous ones, they are 
referred to here as the 0)6 (A*) and 0)3 (A®) pathways. 
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Desaturases involved in PUFA production have been the 
subject of intensive study in recent years, and many desaturase 
genes have been isolated [7]. In contrast, only a few genes 
encoding PUFA-elongating activities have been characterised, 
and all appear to be related to the ELO gene family of Sac- 
charomyces cerevisiae [8]. To identify GLELO, which encodes 
an activity involved in elongating the two A*-desaturated CI 8 
PUFAs T^linolenic acid (GLA, C18:3n-6, A^'^'*^) ^nd steari- 
donic acid (STA, C18:4n-3, A^'''^2,i5)^ Parker-Barnes et al. [9] 
constructed a Mortierella alpim cDNA library in a yeast ex- 
pression vector and screened yeast clones for the ability to 
elongate GLA to DGLA (see Fig. 1). The other genes encod- 
ing PUFA-spedfic elongating activities, HELOl from Homo 
sapiens [5] and F56H1L4 from Caenorhabditis elegans [10], 
were identified via their sequence homology to yeast EL02, 
which is involved in the elongation of saturated fatty acids [8]. 
Zhang et al. [1 1] have recentiy reported a human retinal pho- 
toreceptor-spedfic gene, EL0VL4, which may be involved in 
one of the three elongation steps required for DHA biosyn- 
thesis [12,13]. A 5-bp deletion in the coding region of this gene 
may be responsible for two related forms of autosomal dom- 
inant macular dystrophy [11]. 

The fatty acid elongation system of both plants and animals 
is generally considered to comprise a rate-limiting condensing 
enzyme together with two reductases and one dehydrase; the 
latter three components are thought to be present constitu- 
tively or induced by the condensing enzyme [14,15], It is there- 
fore considered that it is the condensing enzyme that deter- 
mines the substrate specificity in terms of chain length and the 
degree of desaturation of fatty acid substrates. In support of 
this concept, constitutive expression of the normally seed-spe- 
cific condensing enzyme encoded by the fatty add elongation 
1 gene (FAEI) in transgenic Arabidopsis was suffident to bring 
about the synthesis of C20 and C22 fatty adds in non-seed 
tissues [15]. 

In order for pathways mvolving A-^ desaturation to operate 
(Fig. 1) it is possible that specific elongases for A^-desaturated 
PUFAs may exist. Here we describe the isolation and charac- 



terisation of a cDNA encoding a protein with such an elon- 
gating activity from the DHA-rich microalga, Isochrysis gal- 
bona. 

2. Materials and methods 

2.1. Cultivation of L galbana 

L galbana CCAP 927/1 was obtained from the Culture Collection of 
Algae and Protozoa, Centre for Coastal and Marine Sdences, Dun- 
stafihage Marine Laboratory, Oban, Argyll, UK. The algal cultures 
were grown in i}2 medium [1^ in an orbital incubator at 100 rpm and 
14°C with continuous white light of intensity of about 30 ^mlolym^/s. 

2.2. Isolation of total and poly (A ) " RNA from 1. galbana 

Algal cultures were harvested by centrifugation at 3000 Xg for 
5 min. The cell pellet was groimd to a fine powder under liquid nitro- 
gen with a pestle and mortar before being suspended in 5 ml of 
TriPure® Isolation Reagent (Roche). Total RNA was then isolated 
following the manufacturer's protocol. Poly(A)"^ RNA was prepared 
with an jnRNA isolation kit (Amersham Pharmacia Biotech). 

2.5. cDNA library construction 

Double-stranded, end-adapted cDNA synthesised using a cDNA 
synthesis kit (Stratagene) was passed through a Sephacryl S-400 
Spun Column (Amersham Pharmacia Biotech) to remove adapters 
and small cDNA molecules. cDNA eluted from the colunm was phe- 
nol-extracted, ethanol-precipitated and ligated to the arms of the Uni- 
Zap vector (Stratagene) before packaging into X phage using the 
Ready-To-Go Lambda Packaging Kit (Amersham Pharmacia Bio- 
tech), A primary library of 1 X 10^ pfu was obtained with the majority 
of the inserts examined ranging from 0.4 to 2 kb. The library was 
subsequently amplified. 

2.4. PCR amplification and cloning of overlapping segments of 
a putative elongase cDNA 
A degenerate primer EI0R2 was designed based on the conserved 
motif MYXYYF/GL in £IC?-like open reading frames (ORFs) (Fig. 
2) and was used m touchdown PCR in conjunction with a universal 
T3 promoter primer (5'-AATTAACCCTCACTAAAGGG-3') using 
an aliquot of the amplified /. galbana cDNA library as template. 
The PCR conditions were: one initial denaturation step of 94''C for 
3 min; four cycles of 94°C for 15 s, 52°C for 30 s and 72"C for 45 s; 
10 cycles of 94**C for 15 s, 52'*C (decreasing by TC in each successive 
cycle) for 30 s. 72'*C for 45 s; 25 cycles of 94**C for 15 s, 42°C for 30 s 
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Fig. 1. Possible modes of 0)3 and co6 long chain PUFA biosynthesis. Tne 006 (A*) and co3 (A*) pathways for the synthesis of very long chain 
PUFAs start with desaturation of the CI 8 fatty acids, LA and ALA, followed by 2-carbon elongation and then further desaturation and 
elongation steps. The ©6 {d?) and Ci)3 (A^) pathways start with chain elongation followed by A^ desaturation, then further desatiu^tion and 
elongation steps to produce the final products AA and DHA, respectively. 
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and 72**C for 45 s (increasing by 3 s in each successive cycle); one final 
extension step of 72**C for 6 min. The resiiltant putative elongase 5' 
end fragment of about 650 bp was gel-purified and cloned into plas- 
mid pCR2.1-T0P0 using the TOPO TA cloning system (Invitrogen). 
The insert of one recombinant plasmid was sequenced and the gene- 
specific (sense) primer IgEloFi (S'-ACTCGAAGCTCTTCACATGG- 
3') synthesised for use in a further library PGR reaction with a uni- 
versal M13 forward primer (5'-GTAAAACGACGGCCAGT-3') 
under the following conditions: one initial denaturation step of 
94-0 for 3 min; 10 cycles of 94°C for 15 s, 55*'C for 30 s and 72''C 
for 90 s; 20 cycles of 94'»C for 15 s, 55''C for 30 s. and 72**C for 93 s 
(increasing by 3 s in each successive cycle); one final extension step of 
72'*C for 6 min. The restiltant putative elongase 3' end fragment of 
about 850 bp was gel-purified, cloned and sequenced. 

2.5. Functional analysis of the IgASEI ORF by expression in yeast 
The entire IgASEI coding region was amplified from the /. galbana 

cDNA library with primers IgEloBeg 5'-GGTACCATGGCCCTCG- 
CAAACGA-3' (ORF start codon indicated by bold type; underlined 
sequence is an added Kpnl site) and IgEloEnd 5'-TAAGGACATC- 
CACAATCCAT-3' (primes 60 bp downstream of the ORF stop co- 
don). The Expand High Fidelity PGR System (Roche) was employed 
to mmimise potential PGR errors. The resultant 860-bp product was 
cloned in pCR2.1-TOPO (as above) and recombinant plasmids 
checked for insert orientation. The insert from a selected clone was 
excised with Kpnl and Sad and iigated into the corresponding restric- 
tion sites of yeast expression vector pYES2 (Invitrogen), downstream 
of the GALJ promoter. The ligation mixture was used to transform 
Escherichia coli TOP 10 cells (Invitrogen), from which the recombinant 
plasmid designated pY2ASEl was isolated and used to transform S. 
cerevisiae strain W303-IA to uracil independence by the lithium ace- 
tate method [17]. Expression of IgASEI was induced by the addition 
of galactose to 2% (w/v) to cultures grown on rafl&nose as described 
[10,18]. After induction, the cultures were grown for 48 h at 22'*C in 
selective medium with individual fatty acid substrates added to 0.1 M 
and Tergitol Type NP-40 (Sigma) added to 1%. 

2.6. Fatty acid analysis 

Microalgal or yeast cells were pelleted, washed and dried under a 
stream of N2. Total fatty acids were extracted and transmethylated 
with methanolic HQ. Fatty acid methyl esters were analysed by gas 
chromatography (GC) using heptadecanoic acid as an internal stan- 
dard on a 30 mXO.25 mm DB-23 capillary column (J and W Scien- 
tific). 

2. 7. DNA and protein sequence analysis 

DNA sequences were determined using an ABI 377 automatic se- 
quencer (Perkin Ehner). The sequence was translated into amino add 
sequence using DNAMAN Sequence Analysis Software (Lyimon Bio- 
soft), and the output transferred to BlastP for homology searches. 



Table 1 

Composition of the major fatty acids of /. galbana 



Fatty acid Mol% total 



14:0 


21 


16:0 


9.3 


16:ln-7 


2.6 


18:ln-9 


18.1 


18;2n-6 


4.0 


18:3n-3 


11 


18:4n-3 


11.5 


20:ln-9 


8.8 


20:5n-3 


1.6 


22:6n-3 


12.0 



The microalgae were harvested after 1 month of growth in culture 
as described in Section 2. Fatty adds were extracted and converted 
to their methyl esters before analysis by GC. Each peak was identi- 
fied by the retention time compared to known standards; values 
represent the average of determinations made from three indq>end- 
ent cultures. 



3. Results 

3.1. Isolation of a cDNA encoding a PUFA-elongating activity 
We selected /. galbana as the source organism from which 
to isolate genes involved in EPA and DHA production. Fatty 
acid analysis of /. galbana cultivated as described above 
showed that it contained some 12% DHA (Table 1), Other 
major tmsaturated fatty adds present were 18:ln-9, A^, 18:3n- 
3, l8:4n-3, A^'^-^^.is ^nd 20:ln-9, It is noteworthy 

that small amounts of 18:2n-6, A^'*^ 20:5n-3, A^'^-"-"*'*^ 
were also present. 

The strategy used to isolate a gene encoding a PUFA-elon- 
gating activity was to construct and amplify a directional 
cDNA library and screen it by PGR using degenerate primers 
based on single conserved motifs and universal primers lo- 
cated in flanking vector sequences. The degenerate primer 
EI0R2 was designed as the reverse complement of the con- 
served motif MYXYYF/GL in £LO-like ORFs [5,9,11, 
10,19]. An alignment of the sequences on which the primer 
design was based is shown m Fig. 2. The primer combination 
EI0R2/T3 amplified a 650-bp product from the Hbrary; se- 
quence analysis of the cloned PGR product revealed a contin- 
uous ORF extending from a putative start codon to the 
MYXYYF/GL motif. The 5' region of the cDNA consisted 
of a single G upstream of the putative start codon. A further 
16 bases of putative 5' untranslated region were determined 
by 5' rapid amplification of cDNA ends (data not shown). 
. However, the data do not exclude the possibility that the first 
ATG codon of the cDNA encodes an internal methionine 
residue. 

To amplify the 3' region of the cDNA from the library the 
gene-spedfic sense primer IgEloFl was used with the universal 
M13 forward primer. A PGR product of about 850 bp was 
cloned and sequenced; the 5' and 3' PGR product sequences 
overlapped by 235 bp, confirming that they were ultimately 
derived from a smgle gene {IgASEI). The presence of 17 bases 
of poly(A) tail indicated that the cDNA was complete at the 
y end, and that the 3' untranslated region of the IgASEI 
mRNA was 253 bases. 

Assuming the coding region of the cDNA to be ftill length, 
IgASEI encodes a protein of 263 amino adds with a molec- 
ular mass of 30 kDa. The deduced amino acid sequence of 
IgASEI aligned with other proteins with elongating activity is 
shown in Fig. 2. Hydropathy analysis predicts multiple mem- 
brane-spanning regions, and dilyslne residues at —3 and —6, 
relative to the C-terminus, probably locate it in the endoplas- 
mic reticulum [20,21]. A further characteristic of all Elo-iike 
proteins described so far is the presence of the histidine box 
motif HXXHH, which was also found in IgASEI, albeit with 
glutamine ((J) substituted for the first histidine. 

The amino add sequence of IgASEI exhibits only limited 
similarity to the sequences of £LO-type genes (Fig. 2), with at 
best only 27% identity with GLELO from M. alpina, which 
elongates specifically the two A6-desaturated CI 8 PUFAs, 
GLA and STA [9]. The second highest identity of 26% was 
found with Sscl, which, together with Ssc2 (21% identity) and 
Cig30 (20% identity), is a member of a mouse gene family 
involved in the elongation of the very long chain fatty acids 
that become esterified to sphingolipids [22,23]. Sscl could re- 
place Elo3 to synthesise G26:0 for spiiingolipid synthesis in a 
yeast mutant, whilst Gig30 restored levels of C20-C24 fatty 
adds in. an Elo2-defident mutant. IgASEI shows 26% identity 
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Fig. 2. Alignment of the predicted protein sequence of /. galbana IgASEl with sequences predicted from other known elongating activity genes. 
ELOVU [U] and HELOl [5] are from human; Eloyl4 [U], C/giO, Sscl and Ssc2 [22,23] are from mouse; GLELOl [9] is from M. alpina; 
F56H1L4 [10] is from C. elegans', Elol, Elo2 and Elo3 [8,19] are from yeast. 



with human EL0VL4 and 24% identity with the mouse equiv- 
alent Elovl4 [11], and 24%, 23% and 21% identity, respec- 
tively, with the Elo3, Elo2 and Elol proteins from yeast [8]. 
The lowest identity value of 19% was found with F56H11.4 
from C elegans [10]. There is no obvious similarity between 
IgASEl and the plant condensing enzyme FAEl, which is 
required for the synthesis of the mono-unsaturated fatty 
acid, erucic acid (C22:In-9, A^^) in Arabidopsis [15]. 

3,2, Functional characterisation of IgASEl in yeast 
Further characterisation of IgASEl was achieved by expres- 



sion in yeast. The complete ORF was amplified from the' 
cDNA library and cloned in pCR2.1-T0P0. Recombinant 
plasmids were screened for orientation of the insert to allow 
subsequent excision with the 5' primer-encoded Kpnl site and 
the Sad site in the flanking vector sequence. The 5' Kpnl site 
also provided an A base at —3 with respect to the start codon 
for efficient translation initiation in yeast ceils. The IgASEl 
ORF was inserted into the yeast expression vector pYES2 to 
create pY2ASEl, and this was transferred to the yeast strain, 
W303-1A, 

To determine the substrate specificity of the IgASEl prod- 
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Fig. 3. Gas chromatograms of fatty acid methyl esters extracted from transformed yeast containing pY2ASEl. Yeast cultures were grown in 
the absence (—SUB) or presence (+LA, +GLA, +ALA) of exogenous fatty add substrates. Exogenous fatty acids (in the form of their sodium 
salts) were linoleic acid (18:2n-6, A'-^^ +LA), y-linolenic add (18:3n-6, A^'^'^^, +GLA) and a-linolenic add (18:3d-3, A^'^^.is^ +ALA); peaks 
corresponding to added substrates are indicated by asterisks in the GC traces of uninduced cultures. Expression of IgASEl was induced by the 
addition of galactose to 2%. Yeast cells were harvested after 48 h and fatty adds extracted and assayed as their methyl esters using standard 
methods. Peaks were identified by co-migration with known standards. Arrows in induced +LA and +ALA traces indicate novel peaks, which 
were confirmed by GC-MS as EDA (20:2n-6. A^^'^^) and ETrA (20:3n-3, A**''^-*^). respectively. 



uct, the transfonned yeast cells were grown in minimal me- 
dium, with raffinose as the carbon source and supplemented 
with a range of individual long chain PUFA^s. The results 
(Fig. 3 and Table 2) show that when LA (18:2n-6, A^'^^) 



and ALA (18:3n-3, A^*^^*^) were present in the medium, 
EDA (20:2n-6, A***''^) and ETrA (20:3n-3, A**-*^-^^) accumu- 
lated to 9.1 and 8.4 moI% of total fatty adds, respectively. 
This represented about 45% conversion [product/(product+ 



Table 2 . " 

Fatty add elongation of different substrates supplied to yeast cells transfonned With pY2ASEl 
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Exogenous fatty acids supplied as substrates for elongation are indicated by asterisks. The values given are expressed as mol% of coial fatty 
add methyl esters identified by GC and fiame ioni2ation detection. In the case of elongated substrates, this is also expressed as % elongation 
(product/(product+substrate)xlOO). Expression of the IgASEl transgene was induced by the addition of galactose. Only CI 8 substrates with a 
double bond at the A' position were elongated by the IgASEl. All values are the means of triplicates from three separate experiments. 
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substrate) X 100] of both CI 8 fatty acid substrates into C20 
fatty adds after 48 h growth of the transformed yeast cells. 
GLA (18:3n-6, A^^'^^) was not elongated in the transformed 
yeast (Fig. 3). Other fatty acids, such as 16:ln-7, A^, 18:ln-9, 
A^ 18:4n.3, A^'^^^^^is^ 20:5n-3, A^'S*'*'*^'^^ and 22:5n-3, 
^7,10,13,16,19^ were also found to be inactive, however, the sub- 
strates were always recovered in lipid extracts of the cells 
(data not shown). Although in these experiments the incorpo- 
ration of putative fatty add substrates into membrane com- 
ponents was not investigated, it is noteworthy in the func- 
tional characterisation of other fatty add genes using the 
yeast system [5,18,25] that the predicted fatty add conversions 
have always been observed. These data clearly demonstrate 
that IgASEl encodes a C18-A^ -specific PUFA-elongating ac- 
tivity. 

4. DisciissioD 

We have used PCR in combination with a cDNA library 
construction to isolate a sequence encoding a ClS-A^-spedfic 
PUFA-elongating activity from the DHA-produdng microal- 
ga, /. galbana. The predicted polypeptide sequence shares only 
lunited identity (up to 27%) with other proteins characterised 
as having related activity, such as GLELO from M. alpina, 
human HELOl and the protein encoded by F56H11.4 from 
C. elegans. Other pair-wise aUgnments of Elo-like proteins 
(data not shown) produce higher percentage identities, but 
these probably reflect more the sources of the genes rather 
than any higher degree of functional relatedness. Hence align- 
ments of the yeast proteins Elol, Elo2 and EloB produce 
identities in the range 45-56%, while the mammahan proteins 
HELOl, ELOVL4/Hovl4, Sscl and Ssc2 generate identity 
values in the range 41-57%. The lower identity values arising 
from comparisons across taxonomic groupings (such as 
IgASEl with all the others) result from averaging rdatively 
high degrees of conservation over a limited 'core region' of the 
proteins, with very little conservation over the large stretches 
comprising the rest of the sequences. An effect of this is to 
maintain various consensus motifs identified in Icnown exam- 
ples of this category of protein, such as KXXEXXDT, 
HXXMYXYY and TXXQXXQ, while FHXXHH is modified 
to FH/QXXHH. This last motif is interesting because 
H/QXXHH also comprises one of the three histidine boxes 
identified in aknost all membrane desaturases and other dioxy 
iron cluster proteins [7], and deviation from the consensus of 
HXXHH for the third histidine box to QXXHH is also ap- 
parent in various so-called front-end desaturases, including 
A^ desaturases from M. alpina [18,24] and C elegans [25], 
A^ desaturases from Anabaena [26] Borago [2T| and C elegans 
[28], and the A^ desaturase from Euglena gracilis [6]. Histidine 
boxes in desaturases and other dioxy iron protein clusters 
have been implicated in the binding of di-iron [7], but it re- 
mains to be determined whether they also play this role in 
IgASEl and other proteins with elongating activity. 

iS. cerevisiae possesses multiple fatty add elongation sys- 
tems [8,19], and so by providing the ubiquitous elongase com- 
ponents the yeast expression system has proved a valuable 
testing ground for characterising the function of putative fatty 
add-elongating condensing components from various sources 
[9,10]. IgASBi was strictly selective ahd could only elongate 
the A^-desaturated C18 (©3 or 0)6) PUFAs, LA (18:2n-6, 
A^'^2) and ALA (18:3n-3, A^'^^.iS) to yield EDA (20:2n-6, 
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A**'^'*) and ETrA (20:3n-3, A*^'^^''^), respectively. , For both 

fatty add substrates some 45% was converted to products in 

the transformed yeast cells. 

Some PUFA-elongating activities are active on a range of 

substrates; human HELOl, for example, can elongate both 

CI 8 and C20 to C20 and C22 PUFAs along both the ©3 and 

(o6 pathways [5]. In contrast, GLELOl from M, alpina 

showed substrate discrimination, acting specifically on the 

two products of A^ desaturation, 18:3n-6 (A^'^''^) and 18:4n- 
3 (A^'^'12.15) 

It is noteworthy that the gene from Euglena encoding a 
A^ desaturase activity [6] is specific for the elongation prod- 
ucts of IgASEl, ETrA and EDA. This unplies that the co3 
(A^) desaturase pathway for the synthesis of EPA and DHA is 
present in /. galbana (Fig. 1). It is uncertain, however, whether 
this coexists with the o)3 (A^) desaturase pathway (Fig. 1). 
Fatty add analysis of /. galbana (Table 1) showed the pres- 
ence of 18:4n-3, A*'^-^^'*^, a fatty acid known to be specifically 
synthesised from ALA through the activity of a A^ desaturase 
[28-30]. Providing 18:4n-3, A^'^-^^^^ can be dongated to ETA 
then tiais suggests that both co3 pathways may operate in 
/. galbana for the production of long chain PUFAs. 

The fact that the product of IgASEl elongates 18:2 to EDA 
(Table 2 and Fig. 3) and that the Euglena A^ desaturase can 
act upon this product to produce 20:3n-6, A^'^*-*^ [6] is inter- 
esting and imphes that the co6 (A^) pathway (Fig. 1) should 
also operate in /. galbana. Although no EDA, GLA or AA 
could be detected in /. galbana it is possible that the enzymes 
catalysing the synthesis of these intermediates and products 
are relatively highly active and that there is a rapid flux 
through these parts of the pathway. Such a flux is also evident 
m the cd3 pathways in that the intermediates ETrA and ETA 
were also not detected in fatty acid analyses. 

If an co6 (A^) pathway can operate in /. galbana then what 
happens to the products 20:3n-6 and 20:4n-6? Work with M. 
alpina [31] suggested the existence of a desaturase introducing 
a double bond at the A^^ position of AA to produce EPA, and 
Spychalla et al. [32] have isolated a C elegans glycerohpid 
desaturase with ©3 activity on a range of co6 fatty add sub- 
strates, mcluding DGLA and AA. It is possible that a similar 
desaturase activity is present in /. galbana, rapidly channelling 
(o6 (A*) desaturase pathway products into the 0)3 (A*") and ©3 
(A^) pathways for EPA and DHA production (Fig. 1). The 
presence of 18:4n-3, A^*^'*^'^^ in /. galbana implies A* desatur- 
ase activity (see above). A^ desaturases are generally non-spe- 
cific for 0)3 and 0)6 C18 fatty acids, and can utilise both LA 
and ALA [29,30]. If this were the case in /. galbana, one might 
antidpate that the 0)6 (A^) pathway is also active, again with 
the products rapidly transferred to 0)3 fatty add synthesis via 
A^' desaturation (Fig. 1). It is of course possible that the A^ 
desaturase is specific for ALA and hence dedicated to 0)3 fatty 
add production. /. galbana, therefore, provides an excellent 
experimental system for investigating 0)3 fatty add biosynthe- 
sis, the interactions between the A* and A^ desaturase path- 
ways and the possible involvement of (o6 metabolism in the 
production of EPA. 

The isolation and characterisation of a novel PUFA elon- 
gating activity from /. galbana, described in this paper, should 
make a significant contribution to the determination of struc- 
ture-function relationships in this class of protein. IgASEl 
appears to be less closely related to the Elo-like proteins de- 
scribed hitherto than they are to each other. It is distinct in 
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having clear specificity for A^-desaturated CI 8 PUFAs, and 
this may prove to be of biotechnological as well as biochem- 
ical significance. 

Acknowledgements: Institute of Arable Crops Research receives grant- 
aided support from the Biotechnology and Biological Sciences Re- 
search Council. 

References 

[1] Harwood, J.L., Cryer, A., Gurr, M.L and Dodds, P. (1994) m: 
The Lipid Handbook (Gunstone, F.D., Harwood, J.H. and Pad- 
. ley, F.B., Eds.), pp. 665-683, Chapman and Hall, London. 

[2] Crawford, MJV. (2000) Am. J. Clm. Nutr. 71, 275-284. 

[3] GiU, L and VaUvety, R. (1997) Trends Biotechnol. 15, 401-409. 

[4] Napier, J. A., Michaelson, L.V. and Stobart, A-K. (1999) Curr. 
Opin. Plant Biol. 2, 12^127. 

[5] Leonard, A.E., Bobik. E.G., Dorado, J., BCroeger, P.E., Chuang, 
L.T., Thurmond, J.M.. Parker-Barnes, J.M.. Das, T., Huang, 
Y.S. and Mukerji, P. (2000) Biochem. J. 350. 765-770. 

[6] Wallis, J.G. and Browse, J. (1999) Arch. Biochem. Biophys. 365, 
307-316. 

[7] Shankiin, J. and Cahoon, E.B. (1998) Annu. Rev. Plant Physiol. 

Plant Mol. Biol. 49, 611-641. 
[8] Toke, D.A. and Martin, C.E. (1996) J. Biol. Chem. 271, 18413- 

18422. 

[9] Parker-Barnes, J.M., Das, T., Bobik, E., Leonard, A.E., Thur- 
mond, J.M., Chuang, L., Huang, Y.S. and Mukerji, P. (2000) 
Proc. Natl. Acad. Sci. USA 97, 8284-8289. 

[10] Beaudoin, F., Michaelson, L.V., Hey, S J., Lewis, M.J., Shewry, 
P.R., Sayanova, O. and Napier, J.A. (2000) Proc. Natl. Acad. 
Sci. USA 97, 6421^26. 

[11] Zhang, K., Kniazeva, K., Han, M., Li, M.. Yu, W., Yang, Z., Li, 
Z., Metzker, Y., Allikmets, R.. Zack, D J., Kakuk, L.E., Lagali, 
P.S., Wong, P.W., MacDonald, LM., Sieving, PA., Figueroa, 
DJ., Austin, CP., Gould, R.J., Ayyagari, R. and Petrukhin, 
K. (2001) Nature Genet. 27, 89-93. 

[12] Sprecher, H., Luthria, D.L., Mohanuned, B.S. and Baykousheva, 
S.P. (1995) J. Lipid Res. 36, 2471-2476. 

[13] Luthria, D.L., Mohammed, B.S. and Sprecher, H. (1996) J. Biol. 
Chem. 271, 16020-16025. 



[14] Cinti, D.L., Cook, L., Nagi, M.H. and Suneja, S.K. (1992) Prog, 

Lipid Res. 31, 1-51. 
[15] Millar, A. and Kunst, L. (1997) Plant J. 12, 121-131. 
[16] Guillard, R.R.L. and Ryther, .J.H, (1962) Can. J. Microbiol. 8, 

229-239. 

[17] Elble, R. (1992) BioTechniques 13, 18-22. 

[18] Michaelson, L.V., Lazarus, CM., Griffiths, G., Napier, J.A. and 

Stobart, A;K. (1998) J. Biol. Chem. 273, 19055-19059. 
[19] Oh, C, Toke, A.D., Mandala, S. and Martin, C.E. (1997) J, Biol. 

Chem. 272, 17376-17384. 
[20] Jackson, M.R., Nilsson, T. and Peterson, P.A. (1990) EMBO J. 

9, 3153-3162. 

[21] Jackson, M.R., Nilsson, T. and Peterson, P.A. (1993) J. Cell Biol. 
121, 317-333. 

[22] Tvrdik, P., Asadi, A., Kozak, L.P., Nedergaard, J., Cannon, B. 

and Jacobsson, A. (1997) J. Biol. Chem. 272, 31738-31746. 
[23] Tvrdik, P., Westerberg, R., Silve, S., Asadi, A., Jacobsson, A., 

Camion, B., Loison, G. and Jacobsson, A. (2000) J. Cell Biol. 

149, 707-717. 

[24] Knutzon, D.S., Thurmond, J.M., Huang, Y.S., Chaudhary, S., 
Bobik, E.G.Jr., Chan, G.M., Kirchner, . S.J. and Mukerji, P. 
(1998) J. Biol. Chem. 273, 29360-29366. 

[25] Michaelson, L.V., Napier, J.A., Lewis, M., Griffiths, G., Lazarus, 
CM. and Stobart, A.K. (1998) FEBS Lett. 439, 215-218. 

[26] Reddy, A.S., Nucdo, M.L., Gross, L.M. and Thomas, T.L. 
(1993) Plant Mol. Biol. 27, 293-300. 

[27] Sayanova, O., Smith, M.A., Lapinskas, P., Stobart, A.K., Dob- 
son, G., Christie, W.W., Shewry, P.R. and Napier, J.A. (1997) 
Proc. Natl. Acad. Sci. USA 94, 4211^216. 

[28] Griffiths, G., Jackson, F., Brechany, E.Y., Christie, W.W., 
Stymne, S. and Stobart, A.K. (1996) Phytochemistry 203, 381- 
386. 

[29] Cho, H.P., Nakamura, M.T. and Qarke, S.D. (1999) J. Biol. 

Chem. 274, 471-477. 
[30] Sayanova, O.V., Shewry, P.R. and Napier, J.A. (1999) Plant 

Physiol. 121, 641-646. 
[31] Shimizu, S., Kawashima, H., Akimoto, K., Shinmen, Y. and 

Yamada, H. (1989) Appl Microbiol. Biotechnol. 32, 1-4. 
[32] Spychalla, J.P., Kinney, A.J. and Browse, J. (1997) Proc. Natl. 

Acad. Sci. USA 94, 1142-1147. 



I 



